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During the last decade three major incidences happened in the world 
of surfactants. First is the outburst of researches on 'gemini surfactants' ' 
(although these surfactants were known earlier in the literature without a 
much notice). These surfactants has given a handy stuff that have various 
superior and intriguing properties compared to their conventional 
counterparts. Second is the application of surfactant templating process for 
the synthesis of mesoporous materials such as silica and titania.'* These 
ordered materials find potential applications in diverse fields.^'^ Last, but not 
the least, are the reports on clouding phenomenon in ionic surfactant 
solutions.'"''' 
Surfactant molecules are capable of producing self-assemblies that 
posses properties distinctly different from those of the individual monomeric 
molecules prior to aggregation. Interest in research on self-assemblies in 
solutions is increasing day-by-day. This is not only because of their wide 
variety of applications in industries, but also due to the development of new 
and more powerful experimental and theoretical tools for probing the 
microscopic behavior of these systems. Surfactants are often used in 
combination with other additives and the study of their compatibility and 
stability under different environmental conditions is essential (such as 
temperature). 
Surfactants are characterized by the possession of both polar and non-
polar regions in the same molecule. They are amphiphilic organic or 
organometallic compounds and are classified as ionic, nonionic or 
zwitterionic. Various organized structures are formed when surfactant 
molecules are dissolved depending upon the nature and concentration of the 
surfactant and the experimental conditions. 
A well defined, but not abrupt, change in physical properties of 
surfactant solutions observed as one passes from a threshold value of 
[surfactant] is known as critical micelle concentration (cmc).''' The cmc 
depends upon the nature of the polar group, the surfactant counterion, the 
length and structure of hydrophobic chain, solvent polarity and type, 
temperature, pressure, and pH. 
Near the cmc, micelles are usually spherical and the radius of the 
micelle is nearly equal to the length of the surfactant molecule. Upon 
continuous increase of concentration of the surfactant, spherical micelles 
become rod-shaped and subsequently these rods become hexagonally packed 
structures.*^ 
Packing considerations constitute a factor which involves the nature of 
the head and tail groups of the surfactant.'^  Surfactants with smaller head 
group area tend to form larger, less curved, or even inverted structures 
{'reverse micelles'). For ionic surfactants, the same area shrinking effect 
may be achieved by addition of a counterion or organic compound. A 
surfactant with a high degree of counterion binding may overcome 
headgroup repulsion by holding the oppositely charged counterion between 
headgroups of similar charge; headgroup repulsion is repressed and rod- or 
disk-shaped micelles become favored. The availability of organic additives 
also suppresses headgroup repulsion and promotes sphere-to-rod transition 
(s^^r) in micellar structures.'^ 
The present thesis is exclusively devoted to the solution behavior of 
ionic surfactants in presence of various additives. There are five chapters in 
the thesis. 
In the General Introduction (Chapter-I), a detailed account of the 
behavior of surfactants and the various phenomena exhibited by them, for 
example, micellization, cause of micellization, factors affecting cmc, 
packing in aqueous assemblies, structural transition, factors affecting s->r, 
clouding phenomenon in surfactants and the effect of additives are 
described. The scope of the present study and an up-to-date literature survey 
related to the work described in subsequent chapters are also included. 
Chapter-n contains the experimental details of the work. A list of 
chemicals used in the investigations is also included in this chapter. The 
main methodologies adopted are: dynamic light scattering (DLS), viscosity, 
CP measurements, and small-angle neutron scattering (SANS). 
Urea continues to be considered a potent protein denaturant and to 
understand the microscopic basis of its role (as a denaturant), a debate on the 
direct (favorable H-bonding between urea and water) v .^ indirect (rupture of 
the 3D structure of water) mechanism has contmued for quite a long time.'* 
The observations suggest that the interpretation of the urea effect in 
surfactant/protein research is still an open problem that demands additional 
investigation. Chapter-Ill describes the effects of urea (U), thiourea (TU), 
mono-(MMU), di- (DMU), tetramethylureas (TMU) and tetramethylthiourea 
(TMTU) (ureas/thioureas) addition on the sphere-to-rod transition (s—>r ) in 
a typical system of 0.12 M sodium dodecylsulfate (SDS) + 0.28 M NaCl + 
X M 1-pentanol in aqueous solution investigated using dynamic light 
scattering (DLS) and viscosity measurements. Three distinct regions are 
identifiable in the hydrodynamic diameter (Df, obtained from DLS), vs. 
[1-pentanol] plot (Fig. 1). In region I (low [pentanol]), micelles are roughly 
spherical. In region III (high [pentanol]), the Dh values suggest that the 
micelles are anisotropic (i.e., rod-shaped). The monotonous increase in D/, 
with [1- pentanol] (region III) suggests that the shape of micelles is 
completely changed and additional 1-pentanol is being used only to increase 
the length of the micelle. However, in region II, a distinct rise in Df, is 
observed. This change in Df, in a narrow range of [1-pentanol] depicts that 
micelle deformation does not take place at a sharp point instead a range of 
1-pentanol concentration is needed to complete the s->r via the formation of 
ellipsoidal micelles in between. Unlike other techniques, however, the DLS 
measurements show a well defined beginning and end of the transition. The 
data allow us to say that the above s->r transition is complete at ~ 0.04 M 
1-pentanol. This value of 1-pentanol concentration is consistent to the 
calorimetric and viscometric observations.'^ '^ '' 
The presence of urea or its derivatives are found to promote/retard the 
s-^r (Fig. 2). This effect in the structural transition is due to the increased 
dielectric constant of the medium and adsorption of ureas on the 
dodecylsulfate anion (DS~). The former effect ameliorates hydrophobic 
interactions as the electrostatic repulsion between surfactant headgroups 
would be decreased. The adsorption effect continuously increases with 
increase in the number of methyl group in the urea molecule, which in turn, 
results in increased hydration of the micelles. Although, thioureas show the 
similar effect as of alkyl ureas but the effect occurs at comparatively lower 
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Fig. 1: Variation of hydrodynamic diameter (Z)/,) with added [1-
pentanol] in 0.12 M SDS + 0.28 M Nacl system at 25 "C: I, 
region spherical micelle; II, region of sphere-to-rod transition; 
III, region of rod-like micelle. 
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Fig. 2: Variation of hydrodynamic diameter iPh) with added 
[1-pentanol] in 0.12 M SDS + 0.28 M NaCl solution containing 
different fixed amounts of urea (U) at 25 **€. 
concentrations of the additives. The effect has been explained on the basis of 
structural differences in U and TU. 
Chapter-IV contains the U, TU, MMU, DMU, TMU, DMTU and 
TMTU on the s->r transition in sodium dodecylbenzenesulfonate (SDBS)-
1-pentanol system. DLS and viscosity measurements are used to obtain 
[1-pentanol] at s-^r, i.e., [l-pentanol]s^r- A concentration of 1-pentanol 
= 0.14 M is found to promote s-^r in this system (0.2 M SDBS). The 
presence of the additives causes, in almost all cases, decrease and increase in 
this [l-pentanol]s->r depending upon concentration and nature of the additive. 
These effects are compared with the data obtained in Chapter III. Various 
similarities and differences in the two systems are critically examined. 
When a non-ionic surfactant solution is heated, the solution gets 
cloudy at a particular temperature which is termed as cloud point (CP). 
Solutions on standing at CP may split into aqueous phase and concentrated 
surfactant solution. The CP behavior in ionic surfactants is fairly new 
addition^^ to the behavior reported for non-ionic surfactant solutions at 
elevated temperatures. Chapter-V is concerned with the clouding 
phenomenon in an anionic surfactant, tetra-«-butylammonium dodecylsulfate 
(TBADS) which has been studied as a function of [TBADS] both in water 
and heavy water (D2O). CP's were recorded on the basis of visual 
appearance. The clouding occurred at lower temperatures in D2O than in 
H2O (Fig. 3). SANS and DLS experiments were performed as a function of 
temperature and [TBADS]. The SANS data around the CP signalled towards 
clustering of the TBADS micelles, which are nearly invariant in morphology 
below CP. The TBA^ consists of four butyl chains in addition to positive 
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Fig. 3: Variation of cloud point, CP, of TBADS solution in H2O 
and D2O as a function of surfactant concentration. 
charge. Therefore, TBA^ can interact with micelles hydrophobically and 
•JO , 
electrostotically. Two of the above mentioned butyl chains of TBA may 
point toward the bulk aqueous phase, these chains can connect the charged 
micelles together and be responsible for dehydrating the headgroup region. 
At present these two simultaneous phenomenon (connecting and dehydrating 
the micelles) can be taken as the basis for the occurrence of clouding in 
TBADS solutions. 
The SANS spectra for 0.02 M TBADS (CP ~ 34 ''C) at different 
temperatures are shown in (Fig. 4). As temperature changes from 30 to 
34 °C, no distinct changes in SANS spectra were observed. This allows us to 
say that micellar morphology or number density below the CP, more or less, 
remains the same. Addition of inorganic (LiBr, NaBr, NH4Br) and lower 
members of quaternary counterions cause an increase in the CP of TBADS 
solution (CP ~ 33.2 °C for pure 0.03 M TBADS). However, addition of 
TBAB or TPeAB causes a decrease in the CP. The behavior has been 
explained in terms of exchange of the added counterions with the micellar 
bound TBA .^ The overall CP variation seems to depend upon the nature and 
hydration state of the added counterion. This morphological information is 
also confirmed by DLS. 
The clustering of the micelles (though charged) has been proposed due 
to the interlinking through the butyl chains of tetra-n-butylammonium 
counterions (TBA^) produced on ionization of TBADS in solution. Further, 
the micelles remain even slightly charged near the CP and this charge barrier 
is possibly overcome by the linking of butyl chains (Fig. 5). 
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Fig. 4: SANS spectra of 0.02M TBADS at different temperatures. 
Solid lines are theoretical fits based on Hayter and Penfold-type 
analysis. 
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Thermodynamic models are powerful organizers of the world in 
which we live. Idealized models of solutions based on random mixing of 
components provide physical insights and understanding of a variety of 
important chemical systems. 
There exists an important class of solutions for which there is no 
idealized thermodynamic model. These solutions are characterized by 
their ability to self-organize and thus are the exact opposite of randomly 
mixed solutions. Biologically important examples are aqueous solutions 
containing amphiphiles, proteins or nucleic acids. Industrially important 
examples include micelles, bilayers, vesicles, bicontinuous structures as 
well as helical and folded polymers. They exhibit a wide diversity of 
properties which cannot be adequately described by random mixing 
models. They play key roles in many biological and industrial processes. 
Among many interesting and important problems of chemistry, the 
"selectivity of chemical reactions" is now undoubtedly one of the most 
promising and productive areas of investigation. ' In biological systems 
enzymes conduct chemical synthesis with remarkable efficiency and 
specificity. Chemists' efforts have been much less successful than 
nature's synthetic activity. Biochemical reactions involve enzymes^ 
which bind and orient the reactants: the most important factor is the tight 
binding of substrate into the active site of the enzyme when the resulting 
complex has unidimensional mobility, i.e., motional freedom only in the 
direction of the reaction coordinate. This contrasts with the complete 
three-dimensional mobility and consequent random collisional orientation 
of a reacting pair of molecules in an isotropic fluid medium. 
Recently, much efforts have been directed toward the use of 
organized assemblies (in solution) to modify reactivity as compared to 
that in isotropic liquids. A major goal of such studies is to utilize the 
order of the assembly so as to increase the rate and selectivity of the 
chemical process involved in much the same way that enzymes modify 
the reactivity of the substrates to which they are bound. Among the many 
ordered or constrained systems utilized to organize the reactants, the 
notable ones are micelles, microemulsions, liquid crystals, inclusion 
complexes, monolayers and solid phases such as adsorbed surfaces and 
crystals. With these assemblies in solution partial constraints are imposed 
upon the reactants, limiting the overall number of possible transition 
states which can be formed, subsequently decreasing the number of 
products formed. Judicious selection of a given organized assembly for a 
given application requires a sufficient understanding and properties of the 
organized assembly themselves and those of the substrate interactions 
therein. The present thesis is exclusively devoted to studies related with 
structural variations in a class of organized assemblies, i.e., micelles, with 
the aid of foreign materials. 
The term micelle denotes an assembly formed by aggregation of 
surfactant molecules in an appropriate solvent. SURFace ACTive 
AgeNTS, or SURFACTANTS, owe their name to their interesting 
behavior at surfaces and interfaces. They are positively adsorbed at 
interfaces between the phases, such as air/water, oil/water, or 
electrode/solution. The driving force for adsorption is the lowering of 
interfacial tension, i.e., minimization of interfacial free energy.^  
When surfactants are dissolved in water, many types of aggregates 
can be formed. The geometry and nature of the aggregates will depend 
mostly on concentration and type of the surfactant or the surfactant 
mixture. Common aggregates are micelles, vesicles, or lamellar phases. 
The widespread applications of surfactants originate from the 
intrinsic duality in their molecular characteristic - namely, they are 
composed of a structural group that has very little attraction for the 
solvent, known as a lyophobic group (tail), together with a group that has 
strong attraction .for the solvent, called the lyophilic group (head). This is 
known as an amphipathic structure. Numerous variations are possible in 
the types of the headgroups and tail groups of surfactants. For example, 
the headgroup can be anionic, cationic, zwitterionic, or non-ionic. It can 
be small and compact in size, or a polymeric chain. The tail group can be 
a hydrocarbon, a fluorocarbon, or a siloxane. It can contain straight 
chains, branched or ring structures, multiple chains, and so forth. The tail 
group can also be polymeric in character. Further, surfactant molecules 
with two headgroups (bola surfactants) and surfactants with two 
headgroups and two tails joined with a spacer (gemini surfactants) are 
also available. 
Surfactants are the most versatile of the products to the chemical 
industry. Applications of surfactant science range from agricultural 
sprays to oil recovery^ including areas such as catalysis, coatings, 
dispersions, electronics, flotation of minerals, lubrications, and 
retardation of evaporation from lakes and reservoirs. Surfactants are 
potentially useful in novel separation and reaction schemes too that 
include magnetic isotopic separation, solar energy conversion, catalysis, 
and polymer synthesis. Self-assembly of molecules has been useful in 
developing current technologies such as nanolithograpy,^ 
biomineralization,* drug delivery,* etc. Of late, surfactants have become 
the subject of intense investigation by researchers in the fields of 
chemical kinetics'" and biochemistry'' because of the unusual properties 
of the organized forms of these materials. 
Classification of Surfactants 
Natural Surfactants 
It is not an exaggeration to say that life as we know it would not be 
possible without surfactants. Cell membranes are composed mainly of 
amphiphiles which are self-assembled into a bilayer structure with the 
molecules oriented so that the hydrophilic groups are on the outside of the 
membrane and the hydrophobic groups avoid contact with the aqueous 
regions. In mammalian cells, the primary amphiphiles are phospholipids, 
which are derivatives of glycerol esters with long-chain fatty acids. 
In milk, the fat is mainly in the form of triglycerides but a small 
amount is present as phospholipids and diglycerides, which are 
surfactants that help to stabilize the emulsion in water. During digestion 
fats are converted into more soluble species which can be transported 
around the body more readily. A variety of surfactants are involved at 
different stages during this digestive process. Bile salts are the surfactants 
produced in the liver and stored in the gallbladder. A typical example is 
sodium glycocholate. In the blood stream the fatty acids leave these 
surfactant complexes to combine with proteins such as serum albumin to 
form lipoproteins, which self-organize into species suitable for transport 
to various destinations around the body. 
The above are just a few examples of naturally occurring surfactants 
that play a literally vital role in living organisms. They are able to 
perform these roles only because they can self-aggregate into species, 
namely micelles, bilayers and liquid crystals. 
Synthetic Surfactants 
Synthetic surfactants may be produced from petroleum derived 
feedstocks (e.g., alcohols, alkyl benzenes, alkyl phenols) or natural raw 
materials (vegetable- and animal-derived oils and fats, fatty acids and 
alcohols, carbohydrates, etc.) by one or more chemical conversion 
processes. 
The primary classification of surfactants is made on the basis of the 
charge of the polar headgroup. It is common practice to divide surfactants 
into the classes anionics, cationics, non-ionics and zwitterionics. 
(i) Anionic: They are by far the largest surfactant class. These include the 
traditional soaps (-COil and the early synthetic detergents, the 
sulphonates (-SOa^ and sulfates (-OSOa"). Phosphate surfactants 
(-OPO3"") are used in the metal working industry where advantage is 
taken of their anticorrosive properties. They are also used as emulsifiers 
in plant protection formulations. 
Examples: (i) sodium dodecylbenzenesulfonate, SDBS 
CH3 (CH2),, CH2-^ 0>-S<^3"Na^ 
(ii) sodium dodecylsulfate, SDS 
CH3(CH2)i,OS03'Na' 
They are generally sensitive to hard water. Sensitivity decreases in 
the order -CO2 > -OPOs" " > -OSOs" ~ -S03~. They have good 
particulate soil removal and dispersion properties and generally have high 
foaming characteristics. A major use of these surfactants is in household 
detergents and other cleaning products. The best detergency is obtained 
by alkyl and alkylaryl chains in the Cn - Cig range. 
(ii) Cationic: The vast majority of cationic surfactants are based on the 
nitrogen atom carrying the cationic charge. Both amine and quaternary 
ammonium-based products are common. However, phosphonium, 
sulfonium and sulfoxonium surfactants also exist. 
Examples: (i) cetyltrimethylammonium bromide, CTAB 
CH3(CH2),5N (^CH3)3Br-
(ii) dodecylpyridinium chloride, DPC 
CH3(CH2)„]SrC5H5Cr 
The prime uses of cationics relate to their tendency to adsorb at the 
surfaces. In doing so they impart special characteristics to the surface. 
Hydrolytically stable cationics show higher aquatic toxicity than most 
other classes of surfactants. They are good as anticorrosion agent, 
flotation collector, dispersant, antistatic agent, fabric softener, 
conditioner, anticaking agent, bactericide, etc. 
(iii) Non-ionic: Non-ionic surfactants have either a polyether or a 
polyhydroxyl unit as the polar group. In the vast majority of non-ionics, 
the polar group is a polyether consisting of oxyethylene units, made by 
the polymerization of ethylene oxide. The typical number of oxyethylene 
units in the polar chain is five to ten, although some surfactants, e.g., 
dispersants, often have much longer oxyethylene chains. They are used 
extensively in low-temperature detergency and as emulsifiers. 
Examples: (i) polyoxyethylene monohexadecyl ether 
CH3(CH2),5(OCH2CH2)2,OH 
(ii) polyethylene glycol(/)-octylphenyl ether, TX-lOO 
(CH3)3CCH2C(CH2)2^0^(CH2CH2O)9.5H 
They are not sensitive to hard water. Their physico-chemical 
properties are not markedly affected by electrolytes. Non-ionic 
surfactants containing polyoxyethylene chains exhibit reverse solubility 
versus temperature behavior in water. They are also characterized by 
unusually low foaming. 
(iv) Zwitterionic: They are the smallest surfactant class. Zwitterionic 
surfactants contain two charged groups of opposite sign. Whereas the 
positive charge is almost invariably ammonium, the source of negative 
charge may vary, although carboxylate is by far the most common. 
Common types of zwitterionic surfactants are N-alkyl derivatives of 
simple amino acids, such as glycine. 
Examples: (i) 3-(dimethyldodecylammonio)-propane-l-sulfonate 
CHsCCHj), ,N^(CH3)2CH2CH2CH2S03" 
(ii) N-dodecyl-N, N-dimethylglycine 
CH3(CH2)i ,N*(CH3)2CH2COO" 
Zwitterionics as a group are characterized by having excellent 
dermatological properties. They also exhibit low eye irritation and are 
frequently used in shampoos and other cosmetic products. Since they 
possess no net charge, zwitterionics, similar to non-ionics, function well 
in high electrolyte formulations. They are not sensitive to hard water. 
An exhaustive list of both synthetic and naturally occurring 
surfactants is available. Their preparation and properties in general have 
been given in the excellent monograph of Fendler and Fendler.'^ Zana'^  
has presented details regarding the geminis. 
Critical Micelle Concentration 
The critical micelle concentration (cmc) is the single most 
important characteristic of a surfactant. At low concentrations, most 
properties are similar to those of a simple electrolyte. One notable 
exception is the surface tension which decreases rapidly with surfactant 
concentration. At some higher concentration, which is different for 
different surfactants, unusual changes are recorded. For example, the 
surface tension, as well as the osmotic pressure, takes on an 
approximately constant value (Fig. 1.1), while light scattering starts to 
increase and self-diffusion starts to decrease. All of the observations 
suggest and are consistent with a change-over from a solution containing 
single surfactant molecules or ions, i.e., monomers, to a situation where 
the surfactant occurs more and more in a self-associated state. 
cmc 
log (concentration) 
F ig -1*1 • Surface (air-water) tension as a function of surfactant 
concentration for an aqueous micellor solution. Schematic 
structure of the solution is shown bislow and above the 
critical micellor concentration ( cmc ) . 
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The concentration for the onset of self-assembly is quite well 
defined and becomes more so the longer the alkyl chain of the surfactant. 
The first-formed aggregates are generally approximately spherical in 
shape. Such aggregates, known as micelles, and the concentration where 
they start to form is known as the critical micelle concentration, 
abbreviated to cmc. An illustration of a micelle structure is given in Fig. 
(1.2). 
Many investigators have developed empirical equations relating the 
cmc to the various structural units in surfactants. Thus, for homologous 
straight-chain ionic surfactants (soaps, alkanesulfonates, alkylsulfates, 
alkylammonium chlorides, alkyltrimethylammonium halides) in aqueous 
medium, a relationship between the cmc and the number of carbon atoms 
n in the hydrophobic chain was found as 
logCc^c = A-Bn (1.1) 
where ^  is a constant for a particular ionic head at given temperature and 
5 is a constant ~ 0.3 (= log 2) at 35 °C, for the ionic types mentioned 
above. 
The aggregation of monomers to micelles results in a fi-ee energy 
decrease. When monomers transfer into the micelle, the high energy of 
the hydrocarbon/water interface is lost, as the chain is now in contact 
with others of a like nature. Also, the structuring of water around the 
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I 
Gouy-Chapman Layer 
Shear Surface 
'ig. 1.2. Model of hypothetical ionic micelle showing the locations of 
headgroups, surfactant chains and counterions. Cur\'ed arrows 
symbolize the liquid-hydrocc -^ r---<r ; Uure of the core. 
13 
hydrocarbon part of the monomer is lost. Hence, an ordered state 
becomes a disordered one with respect to water. This implies a positive 
entropy change and decrease in free energy. Thus, the loss of 
hydrocarbon/water interfacial energy and loss of water structure are the 
driving forces for the formation of micelles. 
For determining cmc values, the two most common and generally 
applicable techniques are surface tension and solubilization, i.e., the 
solubility of an otherwise insoluble compound. For an ionic surfactant, 
the conductivity offers a convenient approach to obtain the cmc. 
However, as a very large number of physico-chemical properties are 
sensitive to surfactant micellization, there are numerous other 
possibilities, such as self-diffusion measurements and nuclear magnetic 
resonance (NMR) and fluorescence spectroscopy. For long-chain 
surfactants, an accurate determination of cmc is straightforward and 
different techniques give the same results. However, for short-chain, 
weakly associating surfactants this is not the case and rather greater care 
is required not only in the measurements but also in evaluating the cmc 
from experimental data. 
The cmc values obtained from the solution properties mainly due 
to a monomeric surfactant contribution are found to be less than those due 
to a surfactant micelle contribution.'^"'^ For example, the cmc value 
obtained from surface tension measurement is less than that obtained 
from turbidity.'^ In the literature, however, cmc's have been presented as 
definite concentrations.''*''^  Some changes of colHgative properties had 
been found to take place at higher surfactant concentration far above the 
cmc; this point was named the second cmc ' or postmicellar transition. 
The cmc values for commonly used surfactants range from about 10'* to 
10-2 M.'"'" 
Factors Affecting the Value of Critical Micelle Concentration 
Since the properties of solutions of surfactants change markedly 
when micelle formation commences, a great deal of work has been done 
on elucidating the various factors that determine the concentration at 
which micelle formation becomes significant (i.e., cmc), especially in 
aqueous media. 
Among the factors known to effect the cmc markedly in aqueous 
solutions are: (i) structure of the surfactant, (ii) presence of added 
electrolyte in the solution, (iii) presence of various additives in the 
solution, (iv) experimental conditions such as temperature, pH, pressure, 
etc. 
(i) Structure of surfactant: In general, the cmc decreases as the 
hydrophobic character of the surfactant increases, i.e., cmc decreases as 
the number of carbon atoms in the hydrophobic group increases (see 
equation (1.1)). In aqueous medium ionic surfactants have much higher 
cmc's than non-ionic surfactants containing equivalent groups. 
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Zwitterionic surfactants appear to have about the same cmc's as ionics 
with the same number of carbon atoms in hydrophobic group. The cmc 
increases as the headgroup is closer to the center of the chain, due to the 
two branches of the chain partially shielding one another, interfacial 
energy effects are smallest. In aqueous medium, the cmc's of ionic 
surfactants decrease as the hydrated radius of the counterion decreases. 
(ii) Effect of electrolyte addition: In aqueous solution of ionic 
surfactant the presence of electrolyte causes a decrease in the cmc. On 
increasing electrolyte concentration, the forces of electrostatic repulsion 
between headgroups in a micelle are considerably reduced, enabling 
micelles to form more easily, i.e., at lower concentration. Thus the order 
of effectiveness of added electrolytes containing different counterions in 
decreasing the cmc^ '^'^  is V2 SO^'^ >Y> BrOs" > CT > Br' > NO3' > F > 
CNS" and NH4^  > K^ > Na^ > Li^  > V2 Cd^^-
(iii) Organic additives: Organic compounds affect the cmc either by 
penetrating into the micellar region, or by modifying solvent-micelle or 
solvent-monomer interactions. Both increase and decrease of cmc are 
observed on addition of non-electrolytes like urea, amides, amino-acids, 
alcohols, carbohydrates, esters, etc. Non-polar compounds that are 
believed to penetrate into the inner portion of the core produce only small 
depressions of the cmc, like hydrocarbons (known to be solubilized in the 
inner portion of the core) which decrease the cmc only slightly. Addition 
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of longer chain alcohols promotes micelle formation and lowers the cmc. 
The magnitude of cmc decrease depends on the alkyl chain length of the 
organic additive and the hydrophilic group associated with the chain. 
Urea, formamide, and guanidinium salts are believed to increase the 
cmc of surfactants in aqueous solution because of their disruption of the 
water structure. These water structure breakers may also increase the cmc 
by decreasing the entropy effect accompanying micellization. 
Materials that promote water structure (carbohydrates), for similar 
reasons, decrease the cmc of the surfactant. 
(iv) Temperature: The effect of temperature on micelle formation is 
essentially guided by the way temperature affects the solubility and other 
behaviors of surfactants in solution. Effect of temperature on non-ionic 
surfactants is straight forward. The cmc of non-ionic surfactants based on 
poly(ethylene oxide) decreases with increasing temperature as the 
hydrophilicity of the PEO chain decreases. Several factors contribute to 
the decrease in hydrophilicity at a higher temperature but the three most 
important are: 
(i) change in the water structure around the EO groups, 
(ii) change in the hydrogen bonding to the EO groups, and 
(iii) change in preferred conformations of the EO chain, 
(v) Pressure: The effect of pressure on micelle formation of ionic '^ and 
non-ionic surfactants has been studied. The cmc increases upto pressure 
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of about 1,000 atmospheres and decreases with further increase of 
pressure. It has been suggested that the surfactant molecules when present 
in the micelle are in a more expanded condition than when present as the 
monomer in solution, so that the initial effects of pressure tend to 
compress the micelle and mitigate against the increased freedom of the 
monomer in the micelle, thus giving a rise in cmc. The decrease in cmc 
on increasing the pressure above 1,000 atmospheres may be due to an 
increase in the dielectric constant of water, making less electrical work 
necessary to bring a monomer into a micelle. 
Aggregation Number 
The micelle aggregation number («,) which is the number of 
surfactant monomers making up a micelle, is affected by different factors 
such as the nature of the surfactant, temperature,^ ^ type and concentration 
of added electrolyte,^ '* organic additives, etc. The value of the aggregation 
number contains information on the micelle size and shape, which may be 
important in determining the stability and the practical applications of the 
investigated systems.^ '^^ ^ Many methods have been used to determine 
micelle aggregation numbers like quasi-elastic light scattering, small-
angle neutron scattering,^ ^ steady-state fluorescence quenching^^ and 
time-resolved fluorescence quenching.^ ^ 
As a rule, in aqueous medium, the greater the "dissimilarity" 
between surfactant and solvent, the greater the aggregation number. An 
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increase in the temperature appears to cause a decrease in the aggregation 
number of the ionic surfactants ' ' For non-ionic surfactants, it 
increases fairly rapidly. 
Normal Micelles 
Micellization is a manifestation of the strong self-association of 
water and similar solvents and is an example of the hydrophobic or 
solvophobic effect that forces self-association of apolar materials.^ '^^ '^^ ^ 
The first reason for the formation of micelle is that the interactions 
between solvent molecules (usually water) are stronger than the 
interactions between the solvent and the solute.^ ^ 
Micelle formation occurs as a result of solvation of headgroups and 
nonsolvation of a solvophobic core. Formation of micelles in water 
seems to require a minimum length of the hydrophobic alkyl group, 
which is 8 to 10 methylene (and methyl) groups; aggregation numbers are 
generally greater than 50 and increase with increasing hydrophobicity of 
the alkyl group. Any factor that increases the balance of hydrophobicity 
over hydrophilicity stabilizes the micelle, as evidenced by decrease of the 
cmc and increase of the aggregation number. Normal aqueous micelles 
are generally formed from single-chain surfactants and chain branching 
inhibits micellization. 
At equilibrium, the number of micelles formed in a given time is 
equal to the number of micelles disintegrated in the same time period. 
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There are two relaxation times associated with the micelles: the shorter 
relaxation time (TI), generally of the order of microseconds, relates to the 
exchange of surfactant monomers between the bulk solution and micelles, 
whereas the longer relaxation time (xj), generally of the order of 
milliseconds to seconds, relates to the dissolution of a micelle after 
several molecular exchanges.^ * It has been proposed that the life time of a 
micelle can be given by «jr2. A large value of T2 represents a high 
stability of the micellar structure. 
Two factors cause micehes to maintain a definite size distribution. 
Of these, one factor is ascribed to the binding forces between the 
surfactant molecules, such as hydrogen bonding between ion pairs, and 
the other factor to geometrical consideration.''" The other factor should be 
attributed to the entropy decrease accompanying micelle formation. 
An ionic micelle formed in polar solvents such as water generally 
consists of three regions (Fig. (1.2)): (i) The interior or core of the micelle 
which is hydrocarbon like as it consists of hydrocarbon chains of the 
ionic surfactant molecules, (ii) Surrounding the core is an aqueous layer 
known as the Stem layer.'*' The Stem layer constitutes the inner part of 
the electrical double layer. It contains the regularly spaced charged 
headgroups and 60-90% of the counterions (the bound counterions). The 
headgroups are hydrated by a number of water molecules. One or more 
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methylene groups attached to the headgroups may be wet. The core and 
the Stem layer form the kinetic micelle, (iii) The outer layer is a diffuse 
layer and contains the remaining counterions and is called the Gouy-
Chapman layer that expands further into the aqueous phase. The 
thickness of this layer is determined by the (effective) ionic-strength of 
the solution. Small-angle neutron scattering (SANS) experiments on SDS 
and other ionic micelles support the basic Hartley model of a spherical 
micelle.''''' 
Reverse Micelles 
In reverse micelles headgroups of surfactant molecules locate 
inside to form a polar core and hydrocarbon tails are directed towards the 
bulk solvent to form the outside shell of the micelle (Fig. 1.3).'^'^^ The 
aggregation properties of surfactants in nonpolar media are often altered 
markedly by the presence of traces of water or other additives. Dipole-
dipole^''^' interactions hold the hydrophilic headgroups together in the 
core. The water molecules are strongly associated with the headgroups of 
surfactant. 
Reverse micelles regularly collide with each other, exchanging 
their water-pools and their contents on a time scale of typically a few 
milliseconds. Solubilization of molecules is also a dynamic process with 
similar solute entry and exit times. 
Monomer solution 
( Ideal solut ion ) 
Micelle 
( H y d r o c a r b o n part ) 
( Nonideoj so lu t ion ) 
Ffg. 1.3: REVERSE MICELLE 
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Reverse micelles are increasingly employed as media for 
applications such as microlatex formation, synthesis of small 
semiconductor cluster particles, synthesis of peptides through enzyme-
catalyzed reactions, drug delivery, nanocluster synthesis and solubilizing 
enzymes. 
In recent years the field of reverse micelles has witnessed a 
significant growth of interest, partly due to the finding that proteins, other 
biopolymers, and even bacterial cells can be solubilized in the reverse 
micellar systems: in fact, this has permitted the extension of the area of 
interest to new domains, i.e., biocatalysis, and chemical biotechnology. 
Mixed Micelles 
Mixing of two or more surfactants in an aqueous solution leads to 
the formation of mixed micelles. A mixed micelle is an aggregate of 
surfactant molecules composed of different types of surfactants present in 
aqueous solution. 
Mixed micellar systems are encountered in many applications, 
fi-om laundry detergent formulation to industrial and technological 
systems due to their better performance characteristics than those 
consisting of only one type of surfactant.^ '^^ '* They also offer a behavior 
different than expected with respect to the pure component solutions, for 
example, increasing surface activity yields a decrease in cmc and surface 
tension, which are extremely important from both theoretical and 
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technological points.^ '^^ '* Due to numerous applications of such systems, a 
lot of attention has been devoted to better understanding of their mixing 
behavior.^ '^^ ' Various techniques such as conductivity,^ '^^ ^ surface 
tension,^ '^^ '^ '^ ^ viscosity,^ '^^ * NMR,^ calorimetric,^ ^ potentiometric^"'^ ' 
and density J"^ '^ ^ have been reported on the binary mixtures of variety of 
surfactants. Generally, structurally similar mixtures show ideal 
mixing,''*"'^  while headgroup, hydrophobic tail, and counterion 
modification^^ induce significant non-ideality. 
Many theories concerning the cmc of mixed micelles have assumed 
the ideality of each component in the micellar phases. These theories 
work well for mixtures of homologous surfactants but not for 
nonhomologous mixtures. Rubingh^* formulated a theoretical treatment 
for mixtures of nonhomologous surfactants using regular solution theory. 
The theory includes a specific interaction parameter giving a measure of 
the interaction of the surfactant species in solution. Although found to be 
reasonably satisfactory, the theory was criticized on the thermodynamic 
grounds. Nagarajan's model successfully describes the observed 
nonidealities in the mixed micellar solution cmc without the use of any 
empirical interaction parameters. But this approach cannot be used to 
predict the phase behavior and phase separation of mixed micellar 
solutions at high surfactant concentrations, where intermicellar 
interactions play a dominant role. However, the theory developed by 
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Sarmoria and Puvvada*""^ ' has a more quantitative basis and works better 
to extract information on mixed surfactant systems over and above 
micellar compositions. 
Structural Transition in Micellar Solutions 
As the shape and size of micelles are not necessarily fixed, 
significant morphological changes can be induced by varying solution 
conditions such as overall surfactant concentration, surfactant 
composition, additives in the liquid phase, temperature, pressure, ionic 
strength, and pH?^ 
A broad range of amphiphilic substances are capable of forming 
supramolecular systems, jfrom thermotropic-lyotropic liquid crystals 
and manifold micellar systems upto the highly ordered membranes in 
liposomes and cells. At low surfactant concentration, just above the cmc, 
micelles are usually spherical,*^ while at higher concentrations they 
assume rod- or disk-like shapes.^ Micelles transform to lyotropic liquid 
crystalline structures at very high surfactant concentrations. 
For non-ionic micelles, the shape seems to change from spherical 
directly to lamellar with increasing concentration.^ '^*^ 
The shape of micelles whether they are spherical, rod-like, or 
disk-like must be ruled by a balance between the repulsive electrostatic 
forces of the headgroups and the attractive forces that cause the 
aggregation. It thus seems reasonable that the shape transition points 
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depend on the headgroup including the counterion as well as the chain 
length of the surfactant and the location of the solubilizate in the micelles. 
The shape and size of these micellar aggregates can, in principle, 
be determined by various methods, such as viscosity, small-angle 
neutron scattering (SANS),*^ light scattering,^ "'^ ^ diffusion sedimentation 
velocity, sedimentation equilibrium,^ '^''* ultrasonic absorption,'^  time 
resolved fluorescence,'^''' etc. 
Transition of spherical to larger micelles for ionic surfactants occur 
upon a reduction of interheadgroup repulsion.'*'" It may be caused by 
salt'°° or surfactant'"'"'^ additions or solute solubilization.'"^''^ The 
counterion binding suppresses the micellar charge and decreases the 
surface area per surfactant molecule by reducing the electrostatic 
repulsion between the headgroups, thus promoting transition. 
In some cationic surfactant systems as well as some non-ionic and 
anionic surfactant systems, long wormlike micelles form at higher 
concentration and/or upon addition of salt or acid. Halide anions are 
known to associate only moderately with surfactant cations, and micellar 
growth is gradual. However, with anions that associate strongly with 
surfactant cations, such as salicylate, wormlike micelles grow rapidly at 
low surfactant and salt concentrations. 
For ionic surfactant systems micellar growth increases very 
strongly with decreasing temperature, with increasing counterion size, 
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and with addition of salts. "^ '^'"'' For non-ionic micelles, raising the 
temperature favors micellar growth. 
Packing in Aqueous Assemblies 
It is well known that the shape of micelles depends strongly upon 
the actual packing parameters in micellar assembly.'"*""° Packing 
properties of surfactants depend on their optimum headgroup area, an as 
well as on the hydrocarbon volume, v, and the extended length of the 
surfactant hydrophobic chain, 4. The value ofoh is governed by repulsive 
forces acting between the headgroups and attractive hydrophobic forces 
between the hydrocarbon chains. The value of the packing parameter 
vKJeflh) will determine the type of aggregate that will spontaneously form 
in solution. Each of these structures corresponds to the minimum-sized 
aggregate in which the surfactants have a minimum free energy.'" The 
value of the dimensionless critical packing parameter, CPP = vl{l^h), can 
be used to determine what type of aggregate will spontaneously form in 
solution. 
The optimum cross-sectional area is determined experimentally by 
X-ray diffraction of bilayer systems, while the volume and length of the 
hydrocarbon tail may be calculated following Tanford: 
V = 27.4 + 26.9« (A)^ (1.2) 
/c=1.5 + 1.265«(A), (1.3) 
where n is the number of methylene groups in the hydrocarbon chain. 
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The packing parameter may be used to describe a variety of shapes 
of micelles (also see Fig. 1.4): 
v/ilcOh). aggregate shape 
< 1/3 spherical micelles 
1/3 to 1/2 rod-shaped micelles 
1/2 to 1 vesicles or bilayers, 3-component o/w 
and bicontinuous microemulsions 
> 1 reversed micelles 
For a conventional surfactant the ratio v/(/c) is close to 21 A ,^ and 
the value of CPP is, therefore, essentially determined by that ofoh-
The effect of various parameters such as the length and branching 
of the surfactant alkyl chain, the size of the headgroup, the nature of the 
counterion, the ionic strength, etc., on the shape of micelles of 
conventional surfactants can be explained in terms of ah. The solution 
conditions affect both the intra- and intermicellar interactions, modifying 
the shape and size of the micelles. 
Effect of Additives on Structural Transition 
As already stated, ionic amphiphiles form small globular micelles 
in binary solutions at low concentration near the cmc. Deviations from 
these simple initial conditions sometimes result in a strong modification 
of the size and shape of the micelles in solution (micellar growth); this is 
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vesicles 
Cyl inder Planar b i loyers 
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Fig. 1.4: Schematic diagram of possible aggregate shapes according to 
the packing parameter, CPP -- v/i-a,,, criterion. 
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indicated by spectacular changes in some macroscopic properties of the 
solution such as turbidity and viscosity. 
Micellar growth has been observed by light scattering, "^""^ 
viscosity, ' flow birefringence measurements, SANS, " and by 
rx-T-A/f 125,126 
cryo-TEM. ' 
(i) Effect of salts 
Inorganic salts are usually used as thickening agents for 
concentrated solutions of surfactants. Many workers have discussed the 
effects of inorganic salts on ionic surfactant solutions in terms of 
electrostatic interactions, ionic hydratability, changes in the water 
structure, ^tc}''''^''''' 
The presence of salt ions near the polar heads of the surfactant 
molecules decreases the repulsion force between the headgroups. This 
reduction in the repulsion makes it possible for the surfactant molecules 
to approach each other more closely and form larger aggregates which 
requires much more space for the hydrophobic chains. 
There are at least two factors responsible for determining such a 
change in presence of salts. One is the electrostatic effect of simple salt 
due to the counterion binding on ionic micelles, and the other is the 
hydrophobic interaction between surfactant molecules or ions caused by 
the change in the hydrogen bonded structure of water. 
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It has been reported by several workers'^ '"'^ '* that the micellar 
sphere-to-rod transition is highly dependent upon the nature of the 
counterions and the conclusion is that strong counterion binding promotes 
the transition from small-to-long cylindrical micelles. 
Hayashi and Ikeda showed that for SDS and for a series of 
cationic surfactants in NaCl solutions a sharp break in the apparent 
micelle molecular weight is observed when the NaCl concentration 
reaches a value of 0.45 M and the break point would correspond to the 
sphere-to-rod transition. 
Such an effect of added NaCl on the SDS micelles was also 
observed by Mazer and his co-workers ' by the measurements of 
quasi-elastic and total-intensity light scattering. Corti and Degiorgio'^ '^'^ ^ 
also observed large values of aggregation number and hydrodynamically 
equivalent radius of the SDS micelle in 0.6 M NaCl by using the same 
techniques. In their work, Ikeda et al.*"*" demonstrated that the micelle of 
dodecyldimethylammonium chloride changes its shape from sphere-to-
rod like when the NaCl concentration is higher than 0.8 M and the 
micelle concentration is finite. 
The salt-induced formation of rod-like micelles in aqueous salt 
solutions was reported for a series of cationic surfactants" '^*'"''^ ^ by 
different techniques such as light scattering,''* '^'''^ ''^ '' flow 
birefringence, "^'''' viscosity,"' solubilization,"'*"' 'H N M R , " " 
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SANS,'"'-'" and electron microscopy.'^ ^ SANS technique is an important 
tool for studying the micellar structures (size and shape) and the 
intermicellar interactions.'^ '*''^ ^ 
The viscosity increase of these solutions is highly dependent on the 
nature and concentration of the counterions added to the solutions. This 
viscosity increase is attributed to a sphere-to-rod micellar 
transition.^'^''^'"'^^'^ In addition, the more strongly micellar bound 
counterions produce a higher increase in the relative viscosities. 
Counterions are assumed to be free to move within the interfacial 
region and to exchange rapidly with counterions in the surrounding 
aqueous phase.''^ ''^ '^'^ ^ Specific counterion effects on a variety of micellar 
shapes gradually follow a Hofineister series, i.e., for counterions of the 
same valence, the size of the effect increases with counterion size and the 
ease of dehydration of counterion.^ '^"'^ ''''^  However, sphericity may also 
depend upon hydrogen bonding interactions between hydrated 
counterions and headgroups or the partial disruption of the hydration 
layers of the headgroups and the possibility that a fraction of the 
counterions are site bound to surfactant headgroup, e.g., contact ion-pair 
formation, cannot be excluded. The ability of an individual counterion to 
cause micellar growth is related to its position in the well known 
lyotropic series of anions.'^ ^ The lyotropic series for some common 
anions is, 
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F" < IO3" < BO3" < Cr <C103- <Br-<N03- <C104-
Several reports indicate that change from Li^  to Cs^  induces 
micellar growth, the effectiveness of cations in promoting this transition 
decreases in the order K^ > NH4^  >Na^ > Li^, which is the order of 
increasing hydrated radius of ions or decreasing ionic crystal radius. This 
order was also reported by Missel et al.'* Compared to these alkali metal 
counterions, symmetrical quaternary ammonium ions (R4N )^ are 
essentially less hydrated and, therefore, binding with the micelle will be 
favorable. On the other hand, R4>r has a low charge density and may also 
try to intercalate between headgroups of anionic micelles. This will 
decrease the electrostatic interactions in addition to increased 
hydrophobic interactions. All these factors have contribution towards 
micellar growth.'^ "-'^ ^ 
The presence of multivalent counterions (Ca^ ,^ AV'^) in solutions of 
anionic surfactant strongly enhances the formation of rod-like 
micelles. '^^ ''^ * A multivalent counterion, e.g., Al^ ,^ can bind together 
three surfactant headgroups at the micelle surface, thus causing a 
decrease of the area per headgroup.'^ ^ This induces a transition from 
spherical to cylindrical micelles. 
The organic counterions effects on the micelle structures are 
stronger than inorganic counterions such as chloride and bromide. 
Aromatic acids counterions ' have been shown to be extremely 
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effective at promoting the transition when coupled with 
alkyltrimethylammonium and alkylpyridinium cationic surfactants; so 
effective that rod formation occurs at or near the cmc when the surfactant 
chain-length is C12 or longer.* '^ At still higher concentrations of 
surfactant, SANS measurements have shown'*° that the rods of some 
systems shorten when their rotational volumes begin to overlap and 
undergo another transition to a different anisometric form, probably to 
that of a disk. 
Lamellar aggregates are also formed from delicate mixtures of 
anionic and cationic surfactants in electrolytes. ' Some surfactant 
molecules in aqueous solution are spontaneously transformed from 
micelles into a lamellar array in the presence of a high salt concentration. 
On a molecular scale, this change in aggregate morphology is facilitated 
by an increase in counterion binding and dehydration of the surfactant 
headgroups and bound counterions. The induction of a lamellar 
arrangement of surfactant molecules by salts finds an important 
commercial application in liquid laundry detergents.'^ ^"'^ ^ 
(ii) Effect of organic additives 
Organic additive effects on micellar shape/size variation reveal a 
complicated behavior that has always been discussed in terms of their 
effects on water structure and on their partitioning inside the micelle. 
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It has been shown that the addition of short and medium chain 
alcohols to aqueous surfactant solutions leads to a decrease in micellar 
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size, whereas long chain alcohols have opposite effect. ' Many 
techniques like 'H NMR,'*^ EPR, and electron spin echo modulation'^ ''"'^ ^ 
and neutron scattering'^ "' have been used to obtain information about the 
solubilization of alcohols in micelles. It has been suggested that the short 
chain alcohols are localized mainly in the aqueous phase, thus influencing 
the micellar structure by altering the organization of solvent molecules. 
Medium chain length alcohols are distributed between the two phases 
(i.e., micelle and bulk water) and long chain length alcohols are 
appreciably localized in the micellar phase.'''*''^ ^ In the case of spherical 
micelles the alcohol is presumably distributed uniformly in the palisade 
layer. In the case of anisotropic micelles such may not be the case. A 
neutron scattering study of potassium laurate-decanol-water system 
showed that the potassium laurate concentration was higher in the rim 
of the disk than in its central core, the reverse holding for the alcohol.*'' 
However, amines are more surface active than alcohols at the air-
water interface.''^ Also, C4 to Cio n - alkyl amines have been found to be 
solubilized in micelles by electrostatic and hydrophobic effects, and the 
amine group is left on the surface of the micelle.'^ ^ 
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Wormuth and Kaler determined the hydrophilic ranking of three 
different amphiphilic classes of additives in terms of the partitioning 
J? 
behavior between micellar and aqueous pseudophases. They found that 
primary amines are more hydrophilic than either alcohols or carboxylic 
acids. The authors also noted that amine hydrophilicity was lower than 
expected when coupled with anionic surfactant. Lindemuth and 
Bertrand'^ '* have observed that amines are more effective in the SDS 
system than in the TTAB, This indicates a specific interaction between 
the amines and the anionic surfactant headgroup at the micellar interface. 
It was further seen that the amine headgroup has the ability to sit deeper 
in the SDS micelle, relieving the requirement of the surfactant tails to 
reach the center of the micelle at a shorter alkyl chain length of additive. 
Similar effects were seen in cationic surfactants with carboxylic acids. 
This supports the idea'^ that a cosurfactant with the ability to bear a 
charge opposite to that of the surfactant headgroup is more effective at 
promoting sphere-to-rod transition and has the ability to better penetrate 
the sorfactant-rich film separating the water and oil domains. 
For micelles to maintain a spherical form, some of the tails must be 
able to reach the center of the micelle. Addition of an aliphatic 
hydrocarbon, generally thought to reside in the micellar interior, relieves 
this requirement. Now the association structure can maintain spherical 
form containing the solubilized oil at a radius which was previously 
prohibitive. It is in this manner that aliphatic hydrocarbons retard the 
sphere-to-rod transition. Aromatic additives clearly behave differently in 
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the cationic surfactant systems than they do with anionic ones. Aromatic 
hydrocarbons stimulate micellar growth in the case of cationic surfactants 
which may stems from interaction of the delocaHzed 7t-electron cloud of 
the benzene ring with the positive charges of the surfactant headgroup; a 
behavior very similar to that of a cosurfactant or counterion. The resulting 
reduction of headgroup repulsion favors rods by shrinking the surface 
area occupied per amphiphile, allowing the aggregation number to 
increase. 
Benzene, toluene and ethylbenzene^ '^* show a slight tendency to 
destabilize spheres in SDS micelles; then there is a trend towards 
increasing stabilization of the spherical form with subsequent methylene 
additions to the side chain. With propyl and butylbenzenes, the micelles 
are able to retain spherical form at concentrations of 1-pentanol beyond 
the spherical limit in the non-additive case. These results suggest that the 
7c-electrons of the benzene ring do not have as strong an effect when 
positioned at the anionic SDS micellar surface as in the cationic 
tetradecyltrimethylammonium bromide (TTMAB) case with increasing 
length of the alkyl chain, the aromatic molecules act more like a saturated 
hydrocarbon, with apparently a higher preference for the center of the 
micelle. Residence at the micellar core then promotes the spherical form 
by relieving the requirement of the surfactant chains to reach the center of 
the structure. 
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(iii) Effect of salts + organics 
Micellar growth is generally facilitated by addition of electrolytes 
and co-surfactants but Missel et al. found that urea retards the growth 
of SDS micelles in 0.8 M sodium chloride. Low values of the mean 
aggregation number (ns) of SDS in aqueous solutions of 1-pentanol have 
been found in several studies.'^ ^"^"""^"'However, the addition of 0.1 M 
NaCl to solutions of SDS in pure water and to aqueous 0.2 M SDS + 0.6 
M 1-pentanol has been found to increase w, from 65 to 93, ' and from 
47 to 197,^ °' respectively. Thus, a large increase of «, is observed in SDS 
+ 1-pentanol "mixed micelles" upon addition of 0.1 M NaCl compared to 
pure aqueous SDS solution. Nguyen and Bertrand'^ used incremental 
calorimetric technique to study the effect of low concentrations of 
alcohols on solutions of SDS with added electrolytes at 25 °C. These 
measurements reveal a discontinuity in the slope of partial molar enthalpy 
of solution versus concentration of alcohol curves. The authors assert that 
this break corresponds to the micellar sphere-to-rod transition. 
Stephany et al,^ "^  studied the same system, using light scattering 
techniques, with varying concentration of the electrolyte (NaCl). They 
varied the concentration of 1-pentanol too for each NaCl concentration. 
Their data show characteristics of a continuous sphere-to-rod transition. 
From static and quasi-elastic light scattering methods they concluded that 
the micelles could be modeled as flexible wormlike objects. 
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Guerin and Bellocq '^'^  have shown that various phases and critical 
points are present in the system SDS / 1-pentanol / water / NaCl 
depending on NaCl concentrations and temperature. 
Recently, Kabir-ud-Din and coworkers'^ ^"'^ '^^ " '^^ "*'reported that the 
combined presence of salts and organic additives produces a synergism 
(e.g., significant increase in viscosity) in micellar solutions. This 
synergism was found to be dependent on the nature of additives. It was 
further shown that presence of salt may change the conventional 
solubilization site of a particular additive and thus produce micellar 
morphology of different kind compared to the starting system. 
(iv) Effect of urea 
Urea is often used as a denaturant for proteins, polypeptides and 
other biopolymers.^'^ Nevertheless, because this denaturing action 
involves a number of complex factors, there are currently certain 
controversies for elucidating the mechanism by which this process takes 
place. Since the denaturation of proteins can be considered to be 
equivalent to the demicellization of micelles in aqueous urea solutions, in 
the last years a number of researchers have performed considerable 
efforts in order to rationalize the effect of urea on micelles.'^ ^^ '^^ ''^ '^ '^  
These investigations have shown that urea not only increases the cmc of 
ionic and non-ionic micelles but also increases the extent of ion 
dissociation from ionic ones, and decreases the micellar size of ionic and 
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non-ionic surfactants. In addition, there are evidences, at a qualitative 
level, that urea increases the microviscosity and slightly reduces the 
micropolarity at the micellar interface of ionic micelles. 
The literature data on the effects of urea in micellar solutions by 
using different experimental techniques are to a great extent conflicting. 
For instance, the results obtained by Causi et al. in an investigation on 
micellization of dodecyltrimethylammonium bromide, by measuring 
volumes, heat capacities and conductivities, were interpreted in the sense 
that urea behaves as a nonpenetrating agent. In contrast, results obtained 
in studies carried out by using spectroscopic techniques such as ESR 
and fluorescence based on the analysis of the spectroscopic behavior 
of extrinsic probe molecules, have been interpreted as evidence of urea 
interaction at the micellar surface. 
The above facts and other observations of fairly recent theoretical 
analyses^ ^^ "^ ^^  suggest that the interpretation of the urea effect in 
surfactant/protein research is still a controversy requiring further 
investigations. Additional details regarding the mechanism of urea action 
are provided in Chapter III. 
Cloud Point 
Upon heating, aqueous solutions of many non-ionic surfactants 
become turbid at a temperature known as the cloud point (CP) above 
which there is a separation of the solution into two phases.^ '^* Phase 
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separation results from the competition between entropy, which favors 
miscibility of micelles in water, and enthalpy, which favors separation of 
micelles from water.^ ^^ '^ ^^  Depending on the variation of these two 
contributions with temperature, either a lower or an upper consolute point 
can result.^ ^^ '^ ^^  For non-ionic systems, the temperature-induced 
dehydration of the polyoxyethylene headgroups promotes micellar 
growth and demixing.^ ^^ "'^ ^^  The turbidity of the system stems from the 
presence of very large surfactant aggregates that scatter the visible light 
passing through the solution. Phase separation typically occurs over a 
narrow temperature range. The phases consist of a surfactant- depleted 
phase and a surfactant-rich aggregate phase, sometimes also referred to as 
the coacervate phase, that appears only in the vicinity of the cloud point 
temperature. It is important to note that the surfactant concentration in the 
surfactant-depleted phase typically equals or exceeds the cmc, so that 
micelles or other surfactant aggregate species are also present. The 
actual physical separation of the phases is facilitated by the difference in 
density between the two phases. The phase separation process is 
reversible and, upon cooling the mixture to a temperature below the cloud 
point, the two phases again merge to form an isotropic, homogenous 
solution. 
The temperature at which CP phenomena occur depends on the 
structure of surfactants. For example, for nearly pure polyoxyethylenated 
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non-ionic surfactants (CnEj), the cloud point temperature are 10 °C for 
C,2E4, 30 °C for C,2E5, 52 °C for C^Be and 62 °C for C,2E7.^ ^^ "^ '^ 
Huibers et al.^ ^^  recently developed a general empirical relationship for 
estimating the cloud point of pure non-ionic surfactants of the alkyl 
ethoxylate class from their structures. 
Cloud point phenomena, or more properly, lower consolute phase 
behavior, are rarely observed for ionic surfactant solutions, however. The 
few instances of cloud points in cationic surfactant solutions have been 
enumerated recently by Raghavan et al. In the case of anionic 
surfactants, the first instance of cloud point behavior was reported by Yu 
andXu.''' 
The mechanism of the lower consolute behavior in non-ionic 
surfactant systems has not been exactly known. Previous researchers 
thought that the phase separation might be due to the micellar growth, the 
micellar coacervation, or the changes in poly(oxyethylene) chain 
conformations with temperature.^ ^^ Recent experimental and theoretical 
investigations showed that the formation of the connected micellar 
network^^^ or the strongly orientation-dependent interactions (H-bonds) 
between water and the surfactant molecules^^^ could be responsible for 
the lower consolute behavior. Generally, the lower consolute behavior 
would not happen in ionic surfactant systems because of the significant 
electrostatic repulsions between the charged aggregates. Nevertheless, 
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previous researchers showed that aqueous solutions of some ionic 
surfactants with high salt concentration, ' salt free aqueous solutions 
of certain ionic surfactants with large headgroups '^'^  or large 
counterions,^ '*' and some mixed cationic and anionic surfactant 
solutions^ '*^ also exhibited the lower consolute behavior. The mechanism 
of the lower consolute behavior in these ionic surfactant solutions is still 
an open question.^ ^ '^^ '*' 
Clouding phenomenon '^*^ can be exploited in separation science for 
the development of extraction, purification, and preconcentration 
schemes for desired analytes. Since the addition of just a small amount of 
an appropriate surfactant to the aqueous sample solution is required, this 
approach is convenient and fairly benign, eliminating the need for the use 
of organic solvents as in conventional liquid-liquid or solid-liquid 
extraction. 
Importance of the Research Problem 
Protein folding/unfolding is a key step in the manifestation of 
function from genetic information, and understanding the process has 
emerged as a significant, but challenging problem. The transition of 
proteins from a unfolded state to the folded one has some resemblance to 
micelle formation, and likewise, it is highly cooperative process 
(analogous to hydrophobic effect). For several years, continuing efforts 
have been made to understand the effect of urea and other denaturants on 
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the stability of proteins in aqueous solution. Related efforts to understand 
urea's effects on the property of surfactant aggregates, particularly 
aqueous micelles, are also ongoing because the same basic intermolecular 
and ionic forces control both surfactant aggregate and protein stabilities. 
Nevertheless, because this urea effect involves a number of complex 
factors, there are currently certain controversies for elucidating the 
mechanism by which this process takes place. 
Micelles are attractive as models, not only for their simplicity but 
because the hydrophobic interaction can be assessed relatively easily by 
observing the phenomenon of micellization or sphere-to-rod transition 
(s^r). The work in this thesis was performed keeping this view in mind. 
Cloud point is an important property of surfactants and is used in 
applications such as detergency since (i) adsorption of surfactants on 
substrates has been found to increase significantly near their cloud points, 
and (ii) oily soil removal from substrates is optimized at the cloud point. 
It is, therefore, advisable to operate in the vicinity of the cloud point for 
such applications. 
The practical importance of CP lies in the fact that suspensions, 
emulsions, and ointments, stabilized with non-ionic surfactants, become 
unstable when heated in the vicinity of the CP, e.g., during steam 
sterilization, or some end uses. On the other hand, the rate of 
solubilization by surfactant solutions increases near their CPs. Foam 
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control in many industrial processes is an important task because foaming 
can limit rate of these processes and unstability of the products. It has 
been found that the foam stability drops at a temperature near the CP. 
The use of micellar solutions in different areas of analytical 
chemistry has attracted much attention in recent years and separations 
based on cloud point extractions are becoming an important and practical 
application in the use of surfactants in analytical chemistry. 
In view of the fundamental importance of the phenomena just 
mentioned above a comprehensive research work based on the following 
objectives has been carried out: 
1. The phenomenon of sphere-to-rod transition in ionic micellar 
solutions (SDS and SDBS) has been explored in order to evaluate 
the effect of addition of urea and other family members and its 
possible implications in protein folding/unfolding. 
2, The clouding phenomenon has been studied in a typical ionic 
surfactant tetra-«-butylammonium dodecylsulfate (TBADS) -
water system with or without different additives. Cloud point (CP) 
and small-angle neutron scattering (SANS) measurements have 
been performed to gain insight in the phenomenon and changes in 
the morphology involved. 
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The materials used throughout the study are given in Table 2.1, 
including their abbreviated names, chemical formulas, make and purities. 
The quaternary salts were dried for at least 72h before use in a 
vacuum drying oven. The temperature during drying was maintained 
according to the thermal stability and fusion point of the salt. The dried 
salts were stored over P2O5. All other salts and additives were used as 
received. The commercially available surfactants (SDS and SDBS) were 
used as received. 
TBADS was prepared by mixing equimolar solutions of SDS and 
TBAB followed by stirring for 64h. TBADS was extracted with 
dichloromethane (DCM), which was separated and washed repeatedly 
with water. The solvent DCM was then evaporated which left a colorless 
viscous mass (TBADS) at room temperature. The surfactant was 
characterized by ' H NMR, IR and mass spectrometry. The purity of the 
surfactant was further insured by absence of minimum in surface tension 
vs. [TBADS] plot. The cmc of TBADS was determined by conductivity 
measurements (~lmM) which is in agreement with the literature value.' 
Preparation of solutions: 
Demineralized and double-distilled water (specific conductivity: in 
the range of 1 - 2 x 10"^  S cm"*) was used for solution preparation unless 
otherwise stated. For the small-angle neutron scattering experiments, D2O 
of 99.4% purity, was supplied by the Heavy Water Division, Bhabha 
Atomic Research Centre (BARC), Mumbai. For the dynamic light 
scattering experiments Milli-Q water with specific resistance 18.7 MD 
cm was from the UGC-DAE CSR, Mumbai Centre. 
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Special care was taken for cleaning the glasswares. After properly 
washing with freshly prepared chromic acid and distilled water, the 
glasswares were then rinsed with acetone and kept in oven for drying 
before use. 
Stock solutions of surfactants (in water containing either a fixed 
concentration of salt or no salt) were prepared volumetrically. The 
samples were obtained taking the requisite volumes of the additives with 
the help of microliter pipettes (Hamilton) in standard volumetric flasks 
and making up the volumes with the stock solution. The error chances in 
composition of the samples were not more than ± 0.02%. After proper 
mixing, the sample solutions were left overnight for equilibration. Prior to 
measurements, these solutions were kept at the desired temperature for at 
least Ih to attain thermal equilibrium. To avoid evaporation, the 
flasks/viscometer were kept properly stoppered and sealed during 
equilibration. 
A thermostatic water bath, designed and assembled in the laboratory 
with commercially available components, was used. The temperature was 
o 
controlled within ±0.1 C. 
Dynamic Light Scattering; Technique and Measurements 
The technique of dynamic light scattering (DLS) is one of the most 
popular methods used to determine the size of particles. The procedure 
depends on the fact that, if the scattering particle is moving (in Brownian 
motion) when the light photon hits it then the re-radiated light will have a 
slightly different frequency with respect to the incident light frequency. 
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The slight increase or decrease in frequency depends on whether the 
particle is moving towards or away from the incident beam. This is called 
Doppler broadening (or shift). The frequency shifts, the angular 
distribution, the polarization, and the intensity of the scattered light are 
determined by the size, shape and molecular interactions in the scattering 
material. 
The intensity, /, of the scattered light of frequency co can be 
represented by^  
l{co)-A- ^f,.^ (2.1) 
where (DQ is the frequency of the incident radiation, D is diffusion 
coefficient, 4^ is a constant and Q is the magnitude of the scattering vector 
given by 
e=f^l4?l (2.2) 
(« is the refractive index of the medium, X is the wave length of the 
incident light and ^is the scattering angle). 
The recent method of exploiting above phenomenon is to use 
photon correlation which is aimed at calculating what is called the 
autocorrelation fimction of the scattered light. If the particles are 
stationary, the scattering pattern at various times, r, would be identical 
and the correlation fiinction would be unity. The translational and 
rotational motion of the particles, however, cause the amount of light 
scattered from a small region (scattering volume) of the suspension to 
fluctuate with time (that is why called dynamic light scattering) due to the 
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interference between photons of light coming from neighboring particles, 
as noted above. The more rapid the particle motion, the more rapidly will 
any correlation between the scattering patterns at time / = 0 and some 
later time, t = T, begin to differ from one another. By taking the product 
of the intensity at some instant with the intensity some time later, and 
summing this product over all possible times and comparing that to the 
average intensity, we obtain a measure of the persistence of the intensity 
function over time. 
A home-built set up was used for the DLS experiments^*'* (Fig. 2.1). 
The incident beam was generated from a vertically polarized 15 mW He-
Ne laser source (A = 6328 A) fixed at one arm of a goniometer. The 
scattered beam was passed through a vertical polarizer (Glan -Thomson 
polarizer) and counted by a photo-multiplier tube (PMT) at 90", mounted 
on the other arm of the goniometer. Before measurement, each sample 
was centrifiiged at 10,000 rpm for 30 min to remove 'dust' particles. The 
sample was then loaded onto an optical-quality 3 ml quartz cell. The 
sample cell was placed inside a borosilicate cuvette consisting of an index 
matching liquid (e.g., decalene) and aligned with the axis-of-rotation of 
the goniometer. Scattered photons from dispersed aggregates were 
counted by the PMT detector, which was operated at 5 °C. The output 
current from the PMT was then suitably amplified and digitized through 
various electronics before it was fed to a channel digital correlator 
(Malvern, U.K., model auto-sizer 4700). The whole assembly was placed 
on a vibration-free table. All correlation spectra were recorded at 25 ± 
0.1 °C. The correlation curves were analyzed using the CONTIN^ 
software provided by Malvern. Because the count rate was observed to be 
73 
O 
o 
o 
• * - > U 
U 
J3 
t/3 
o 
o 
o <o s « 
-^  B 
2 5 
N OH 
O CO 
rv C 
^ a> 
c ^^  
o a 
6 .2 00 
Q 
i-r 
< 6 
^3 O 
C3 O 
CI. O 
74 
on the low side, data collection time was increased for each solution to 
improve the statistics of the DLS spectrum. The errors in the 
measurements of micellar sizes from DLS spectra are within ±3 % around 
the mean value of three best measurements of each sample (in fact, we 
have taken ten measurements for a single sample). 
Dynamic light scattering measures a time profile of the normalized 
autocorrelation function of the light intensity, ^\t), which is related to 
the electric field normalized correlation function, ^\i), through the 
Siegert relation^: 
g^^) = l + P\g^'^it)\' (2.3) 
where fiis the correlation factor (J)< P< 1). 
^\t) can be written as the Laplace transform of the distribution of 
the relaxation rates, G(r): 
g(')(/)=j; G(r)exp(-/?)jr (2.4) 
where F is the relaxation rate. For relaxation times, r, ^\t) will be 
expressed as 
g(')(/)=f 4^)exp(-//r)Jr (2.5) 
where TA{Z) = rG(r). The diffiision coefficient, D, was calculated firom 
r, according to the equation 
D = j , (2.6) 
To obtain TA(T), DLS data were analyzed using the CONTIN 
method. The relaxation rates gave distributions of the diffusion 
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coefficients and, hence, of the hydrodynamic radius (/? ,^ the 
hydrodynamically equivalent hard sphere radius corresponding to D) via 
the Stokes-Einstein equation.^ 
k T 
RH = - ^ ^ (2.7) 
67irjD 
where ks is the Boltzmann constant and TJ is the viscosity of the solvent at 
temperature T. To obtain the length (L) of the rod, we have used the 
simple formula for the radius of gyration for a rod. 
K = 1 
v 2 y 
+ \2e (2.8) 
where Rg = J-Rh for sphere, R was taken as the chain length of 
surfactant. Rf, values were used to obtain hydrodynamic diameter {Df,). 
Viscosity 
All fluids may be considered to be consisting of molecular layers 
arranged one over the other. When a shearing force is applied to a liquid, 
it flows. However, the forces of friction between the layers offer 
resistance to this flow. Viscosity of a liquid is a measure of its frictional 
resistance. Viscosity is expressed as dyne-seconds cm' or poise. In 
practice, smaller units, centipoise and millipoise, are used. 
Viscosity of a liquid can be determined with the help of Poiseiile's 
equation which governs the flow of a liquid through a capillary. If / is the 
length of the capillary, r its radius, p the pressure difference at the ends, 
then the volume flowing per second through the capillary (v), then r/ the 
coefficient of viscosity is given by 
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Tj = 7rr*pt/Slv (2.9) 
It is not possible to find the absolute coefficient of viscosity (TJ) 
straight away from Poiseulle's equation as experimental measurement of 
p, r, I and v offers considerable difficulty. 
, Hence viscosity of a liquid is determined with respect to another 
liquid, usually water. This is called relative viscosity. 
Let ti and t2 be the times of flow of a fixed volume of two liquids 
through the same capillary. The expression for relative viscosity {j]r) is 
given by 
^7, ^;rrV,/i 8/v ^/?,/, .^  JQ) 
Since the pressure is proportional to the density, we have 
Vr=^ (2.11) 
where dj and d2 are the densities of the solution and solvent. Ozeki and 
Ikeda^ found density corrections to be negligible. r]r values may, 
therefore, be calculated using equation (2.12) 
nr-'j- (2.12) 
'2 
In the present study the viscosity measurements were carried out 
using an Ubbelohde suspended level capillary viscometer thermostated at 
25 ±0.1 °C. The viscometer was cleaned and dried every time before 
each measurement. The flow time for constant volume of solution 
through the capillary was measured with a calibrated stopwatch. 
Cloud Point Measurements 
Cloud points (CP) of TBADS solutions were obtained in pure as well 
as in presence of different additives (salts and ureas). For the purpose 
.y.^^'-jr'-'L-^, 
different samples in pyrex glass tubes were suspended in a water bath 
whose temperature was increased gradually. The^P was-deteFmtned^y 
visual observation of the abrupt change in the appearanc5~of surfactant 
solution from clear to turbid. The samples were heated at the rate of about 
0.1 °C min"' after the temperature reached a few degrees below the CP. 
After the temperature exceeded the CP value, the samples were cooled 
below the CP temperature, and then it was heated again to check the 
reproducibility. The maximum uncertainty in the CP measurement has 
been found within ± 0.2 °C. 
Small-Angle Neutron Scattering; Technique and Measurements 
Small-angle neutron scattering (SANS) covers a length-scale, where 
most of the micelle structures starting from spherical to rod-like or disk-
like shapes are formed.*'^  SANS gives information about the shapes and 
sizes of the micelle and the interactions between the micelles.'*''" SANS 
is an ideal technique for studying the structural aspects of micellar 
solutions. 
In a typical neutron scattering experiment,'^ a monochromatic beam 
of neutrons is incident on the sample being studied and intensity of the 
neutrons scattered by the sample is then measured as a fimction of 
scattering angle. The data acquisition consists of counting the number of 
neutrons scattered at various angles normalized by either total fixed 
number of neutrons incident on the sample or normalized with time. 
SANS experiment is a diffraction experiment which involves 
scattering of a monochromatic beam of neutrons from the sample and 
measuring the scattered neutron intensity as a function of the scattering 
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angle. The wave vector transfer, Q (= 47tsm9/l, where X is the incident 
neutron wave length and 29 is the scattering angle) in these experiments 
is snxjill, typically in range of 10"^  to 1.0 A"'. The wave length of neutrons 
used for these experiments are usually 4-10 A. Since the smallest Q 
values occur at small scattering angle (~1°), the technique is called small-
angle neutron scattering. SANS measurements were performed using a 
spectrometer with the following details'^ (Fig. 2.2): 
mean wavelength (A) of the BeO filtered beam = 5.2 A 
angular divergence of the incident neutron beam = ± 0.5° 
beam size of the sample position = 1.5 cm x 1.0 cm. 
accessible wave-vector transfer range = 0.018-0.32 A'' 
The scattered neutrons were detected in an angular range of 1-15° using a 
linear He^ position - sensitive gas detector (PSD). The PSD is made up of 
a stainless steel tube filled with He^  gas at 30 psi and Kr at 15 psi 
pressure. 
To have good contrast between micelles and solvent, samples for 
SANS measurements were prepared in D2O. Scattered neutron intensity 
in a SANS experiments depends on the square of the difference between 
the average scattering-length densities of the micelle (/?«) and the solvent 
(Ps), (Pm- Ps) ', this is called the contrast factor. Intensity of scattered 
neutrons from micellar solutions increases considerably when D2O is 
used in place of water as the scattering length of hydrogen is negative 
(= -0.3723 xlO''^ cm) and that for deuterium is positive (= 0.6674 x 10"'^  
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cm). The contrast between the micelle and the solvent can be increased 
by deuterating either the solvent or the surfactant. The properties of most 
of the systems usually do not change on replacing H2O to D2O. PSD 
allowed for the simultaneous recording of data over the full Q range. The 
samples were held in a 0.5 cm path-length quartz cell. The cell was 
properly stoppered and thermostated at various temperatures. The raw 
data were corrected for the background, empty-cell scattering and sample 
transmission. The corrected intensities were normalized to absolute cross-
section units, and thus, the coherent differential scattering cross section, 
dl/ dQ, vs. Q was obtained. 
Data from the position sensitive detector are stored in a 
multichannel analyzer as intensity vs. channel number. There is a one-to-
one correspondence between the channel number and the distance R 
between the point of neutron detection and the centre of the incident 
beam at the detector. The scattering angle is given by 26 = tan' (R/L2), 
where L2 is the distance between the sample and the detector. Thus, each 
chaimel of the multichannel analyzer is related to the corresponding Q 
value. SANS experiment involves recording the three SANS 
distributions. These are, (i) intensity distribution Is(Q) from the micellar 
solution (D2O + surfactant), (ii) intensity distribution Ie(Q) from pure 
D2O and the container, and (iii) intensity distribution lb(Q) of the 
background (no sample and the neutron beam is blocked). The measured 
intensity from the sample 1^(0) is corrected for these contributions. The 
corrected scattered intensity I(Q) of interest from the sample is given by''' 
m- IMZJM-IMZJM 
T. T 
(2.13) 
where T^ is the sample transmission and Te is the transmission of the 
empty sample holder. 7 / 0 , Ib(Q) and Ie(Q) in equation (2.13) correspond 
to the same monitor counts. 
In a SANS experiment, the sample is generally taken in the form of 
a plate (circular or rectangular), so that it has uniform thickness over the 
beam area. \fdI/dQ(Q) is the differential scattering cross-section per unit 
volume of the sample, the measured scattered intensity can be represented 
as" 
m'KT.,^(Q) (2.14) 
where / is the sample thickness and AT is a constant which depends on 
instrumental specifications, e.g., incident neutron flux, detector 
efficiency, solid angle subtended by detector element at sample position. 
By combining equations (2.13) and (2.14), we get the following 
expression for the scattering cross-section of the sample: 
hiQ)-iM iXQ)-hiQ)' dZ ^)-4-. dn^' Kt (2.15) 
The instrumental constant K is determined by recording the data fi-om 
a standard sample (e.g., H2O, vanadium, etc.).'^ The measurement thus 
provides dZ/dQ (Q) in absolute units, namely cm''. 
SANS Data Treatment 
The raw data were corrected for the background, empty cdl 
scattering and sample transmission. The corrected intensities were 
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normalized to absolute cross-section units and thus dL/dQ \s. Q was 
obtained. The experimental data points were fitted by adopting the 
routines as described by Hayter and Penfold'^'^ and Chen and 
coworkers.'^'^ The data have not been corrected for resolution effects. 
Analysis of a limited set of data showed that resolution corrections do not 
alter the aggregation number of the micelle, especially when SANS data 
show a peak. The residuals in the fitting were negligible. 
SANS Data Analysis 
For monodisperse interacting micelles of volume V„ present at a 
number density rip, and of scattering-length density p„ dispersed in a 
__ I A 1 T Oft 0 1 
solvent of scattering-length density p^^dZ/dQ may be written as ' ' ' 
^=n„ Vj(p„ -pf{<F' (Q)>+<F(Q)>'[S(Q) -1J}+B (2.16) 
aSJ 
Equation (2.16) for non interacting micelles {S(Q)xl) can be reduced to 
§- = n„, Vj(p„ - pf<F'(Q)>+B (2.17) 
asJ 
Here F(Q) is the single particle form factor, S(Q) is the interparticle 
structure factor, and 5 is a constant term that denotes the incoherent 
scattering which mainly arises due to hydrogen in the object. The micelle 
aggregation number «, is related to V„ by 
V^^nsV (2.18) 
where v is the volume of a surfactant monomer obtained with the help of 
Tanford's formula. For an ellipsoidal micelle 
<AQ)>= ] [F(Q,M)fdM (2.19) 
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<^(0>'={j WiQMd^iV (2.20) 
0 
F{Q,n) = 3(sinx-a:cos^) ^2.21) 
X 
x = Q [aV+ b' (7-//) ] '' (2.22) 
where a and b are, respectively, the semi-minor and semi-major axes of 
the ellipsoid and // is the cosine of the angle between the axis of 
revolution and Q. S(Q) is the Fourier transform of the radial distribution 
function g(r) for the centers of mass of the micelles. In the analysis, S(Q) 
has been calculated using the mean spherical approximation.'^ The 
fractional charge a {=Z/ns, where Z is the miceller charge) is the 
additional parameter in the calculation of S{Q). Here the only unknown 
parameters required to compute dZ/dQ are the a and n^. 
84 
References: 
1. B. L . Bales and R. Zana,-Langmuir, 20, 2579 (2004). 
2. B. R. Ware, Adv. Colloid Interface Sci., 4, 1 (1974). 
3. J. Mata, D. Varade, G. Ghosh and P. Bahadur, Colloids Surf. A, 
245, 69 (2004). 
4. J. Mata, T. Joshi, D. Varade, G. Ghosh and P. Bahadur, Colloids 
Surf A, 247, 1 (2004). 
5. S. W. Provencher, Comput. Phys. Commun., 11, 111 (1979). 
6. B. J. Berne and R. Pecora, " Dynamic Light Scattering: With 
Applications to Chemistry, Biology and Physics": Wiley, New 
York (1976). 
7. S. Ozeki and S. Ikeda, J. Colloid Interface Sci., 77, 219 (1980). 
8. C. G. Windsor, J. Appl. Cryst., 21, 582 (1988). 
9. K. R. Rao, Indian J. Pure Appl. Phys., 27, 548 (1989). 
10. S. -H. Chen, Ann. Rev. Phys. Chem., 37, 351 (1986). 
11. S. -H. Chen, E. Y. Sheu, J. Kalus and H. Hoffmann, J. Appl. 
Cryst., 21, 751 (19SS). 
12. P. S. Goyal and V. K. Aswal, Curr. Sci., 80, 972 (2001). 
13. V. K. Aswal and P. S. Goyal, Curr. Sci., 79, 947 (2000). 
14. S. -H. Chen and T. -L.Lin, in " Methods of Experimental Physics": 
Vol. 23B, Edited by D. L. Price and K. Skold, Academic, New 
York (1987). 
15. G. W. Wignall and F. S. Bates, J. Appl. Crystallogr., 20, 28 (1987). 
16. J.B. Hayter and J. Penfold, J. Colloid Polym. Sci., 261, 1022 
(1983). 
17. J.B. Hayter and J. Penfold, Mol. Phys., 42, 109 (1981). 
18. D. Bendedouch, S. -H. Chen and W.C. Koehler, J. Phys. Chem., 
87,2621 (1983). 
85 
19. S. -H. Chen, T. -L. Lin and J.S. Huang, in '•'Physics of Complex 
and Supramolecular Fluids": Edited by S.A. Safran and N.A. 
Clark, Wiley, New York (1985). 
20. J.B. Hayter and J. Penfold, J. Chem. Soc, Faraday Trans. I, 11, 
1851 (1981). 
21. S. -H. Chen, Annu. Rev. Phys. Chem., 37, 351 (1986). 
22. C. Tanford, ""The Hydrophobic Effect: Formation of Micelles and 
Biological Membranes", Wiley, New York (1980). 
ypmzMe/}^ III 
— id' — i/rv 
87 
Introduction 
Hydrophobic interactions control the morphologies of both 
surfactant aggregates and proteins. ' A general method adopted to study 
hydrophobic interactions in such systems is to explore structural variation 
in aqueous solvents. This can be achieved in several ways (i.e., 
electrolyte^''' or nonelectrolyte addition, change in the solvent, or change 
in the 'structure' of the solvent itself ^•'°). The transition of proteins from 
a unfolded state to the folded one has some resemblance to micelle 
formation because both processes are governed by the same basic 
intermolecular and ionic forces. It is established that globular proteins 
unfold (i.e., denaturation) upon addition of excess amounts of denaturants 
such as urea or guanidine hydrochloride. Therefore, several attempts have 
been made using urea as an additive to check its effect on the properties 
of micellar solutions'^'^ and on the denaturation of proteins.^' ^ ' '^ "'^  
To understand the microscopic basis of urea action, two different 
mechanisms have been proposed :ii'^ 2,i6,i9^o ^^ ^ ^ .^^ ^ changes the structure 
of water to facilitate the solvation of a hydrocarbon chain; (ii) urea 
replaces some water molecules that solvate the hydrophobic chain and the 
polar group of the amphiphile. Another dimension has been added to this 
debate by Politi et al.^ '* by proposing a third alternative for the formation 
of more 'polar water' as a consequence of which better solvation of polar 
or ionic headgroups takes place. In a separate study, it has been reported 
that urea partitions distinctly less near micellar interfacial region in 
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comparison of its stoichiometric concentration in solution and 
destabilizes the headgroup- counterion pair with the concomitant effect 
on the micelle properties."^ 
The addition of urea to aqueous micellar solutions has a number of 
CO 1 9 9 1 
effects on micellar parameters, such as increasing the cmc,' ' ' or 
decreasing the aggregation number.'^ '^ "^^ ^ It is also reported that urea 
stabilizes both the native and the denatured protein conformations.^ '^ '^ "* 
Recently, it has been found that urea can facilitate amphiphilic 
association if added in the low concentration range.'^ '"^ ^ The above facts 
and other observations of fairly recent theoretical analyses ' " suggest 
that the interpretation of the urea effect in surfactant/protein research is 
still a controversy requiring further investigations. This is the reason that 
continuous research efforts are going on to answer the debated urea 
effect J'^'^^'^^'^^'^^'^^ Inspired by the need to understand this urea effect, 
studies are performed to see the effect of urea on micellar structural 
changes. Therefore, we have chosen 0.12 M SDS + 0.28 M NaCl + x M 
1-pentanol in aqueous solution, which shows sphere-to-rod transition 
(s-^r) at 0.04 M of l-pentanol.^° It has been reported that added urea 
shifts the s->r in SDS micelles to higher [1-pentanol]. However, in the 
present study the shift in the above transition to either side (i.e., of 0.04 M 
1-pentanol) by adding urea as well as other related compounds-like 
thiourea, mono-, di-, and tetramethylurea, has been observed. For the 
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purpose, DLS measurements are performed on 0.12 M SDS + 0.28 M 
NaCl + xM 1-pentanol (with or without urea and other members). 
Results 
Variation of hydrodynamic diameter (Z)/,) of SDS micelles in 
0.12M SDS + 0.28M NaCl aqueous solutions with the added 1-pentanol 
is shown in Fig. 3.1. The values of hydrodynamic diameters (D/,) of 0.12 
M SDS + 0.28 M NaCl + 1-pentanol obtained in presence of different 
[ureas]/[thioureas] at 25 °C are recorded in Tables 3.1-3.6 and shown 
graphically as a function of [1-pentanol] in Figs. 3.2-3.7. These Df, vs. [1-
pentanol] plots were used to obtain 1-pentanol concentrations needed for 
s—>r (i.e., [l-pentanol]s-»r, Tables 3.7 and 3.8), which are shown as [1-
pentanoljs—r-[additive] profiles in Figs. 3.8-3.10. The relative viscosity 
(rjr) values with the added urea and thiourea to the system (0.12 M SDS + 
0.28M NaCl + 0.04M 1-pentanol) are given in Table 3.9 and the data are 
plotted in Fig. 3.11. 
Discussion 
When a salt is added to a surfactant solution and its concentration 
reaches a threshold value, non-spherical micelles result.^ ''^ ^ The similar 
changes can also be realized by the addition of amphiphilic compounds 
such as medium chain length alcohols.^ *' Therefore, effect of addition of 
1-pentanol has been studied by its addition to a system 0.12 M SDS + 
0.28 M NaCl usmg DLS measurements and data on hydrodynamic 
diameter (D/,) are collected. 
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Fig. 3.1: Variation of hydrodynamic diameter (Z)/,) with added [1-
pentanol] in 0.12 M SDS + 0.28 M Nacl system at 25 °C: I, 
region spherical micelle; II, region of sphere-to-rod 
transition; III, region of rod-like micelle. 
TabIe-3.1: Variation of hydrodynamic diameter (D/,) with added 
[1-pentanol] in 0.12 M SDS + 0.28 M NaCI + x M urea 
(U) system at 25 °C. 
[1-Pentanol] 
(M) 
0.00 
0.005 
0.01 
0.02 
0.025 
0.03 
0.04 
0.05 
0.075 
0.10 
0.15 
0.20 
x->0.0 
2.2 
2.7 
3.4 
5.2 
5.7 
5.9 
6.3 
6.8 
0.0125 
2.2 
2.3 
2.5 
3.0 
4.8 
6.8 
7.9 
8.9 
10.0 
0.025 
2.2 
2.8 
4.5 
6.5 
7.7 
8.3 
8.7 
9.5 
10.3 
A ( n m ) 
0.05 
2.2 
2.3 
2.9 
4.2 
6.5 
8.2 
8.9 
9.8 
0.25 
2.2 
2.2 
2.2 
2.7 
8.1 
10.4 
0.5 
2.2 
2.2 
2.3 
2.6 
3.6 
11.9 
13.5 
0.75 
2.2 
2.2 
2.3 
2.3 
2.4 
4.3 
13.1 
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TabIe-3.2: Variation of hydrodynamic diameter (D^) with added 
[1-pentanol] in 0.12 M SDS + 0.28 M NaCl + x M 
monomethylurea (MMU) system at 25 °C. 
[1-Pentanol] 
(M) 
0.00 
0.005 
0.01 
0.02 
0.025 
0.03 
0.04 
0.05 
0.075 
0.10 
0.15 
0.20 
x->0.0 
2.2 
2.7 
3.4 
5.2 
5.5 
5.9 
6.3 
6.8 
0.0125 
2.2 
2.6 
3.0 
4.7 
5.8 
6.7 
7.3 
7.7 
7.8 
0.025 
2.2 
2.2 
2.3 
2.4 
3.4 
5.4 
6.2 
6.8 
7.1 
A (nm) 
0.05 
2.1 
2.1 
3.7 
4.0 
4.2 
4.5 
4.8 
0.25 
2.1 
2.2 
2.3 
2.4 
2.5 
4.2 
4.4 
0.50 
2.1 
2.2 
2.3 
2.4 
2.5 
2.8 
6.5 
0.75 
2.2 
2.2 
2.2 
2.2 
2.3 
2.4 
2.5 
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Table-3.3: Variation of hydrodynamic diameter (D/,) with added 
[1-pentanol] in 0.12 M SDS + 0.28 M NaCl + x M 
dimethylurea (DMU) system at 25 °C. 
[1-Pentanol] 
(M) 
0.00 
0.005 
0.01 
0.02 
0.025 
0.03 
0.04 
0.05 
0.075 
0.10 
0.15 
0.20 
x->0.0 
2.2 
2.7 
3.4 
5.2 
5.5 
5.9 
6.3 
6.8 
0.0125 
2.4 
2.6 
2.5 
2.6 
2.7 
3.9 
5.2 
6.4 
7.2 
Dh (nm) 
0.025 
2.3 
2.4 
2.9 
5.0 
5.7 
6.1 
6.4 
6.9 
7.3 
0.05 
2.4 
2.5 
2.6 
3.4 
5.4 
10.4 
12.1 
0.25 
2.3 
2.4 
2.6 
2.8 
3.5 
5.8 
9.3 
0.50 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 
3.2 
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Table-3.4: Variation of hydrodynamic diameter (Z)^ ) with added 
[l-pentanol] in 0.12 M SDS + 0.28 M NaCI + x M 
tetramethylurea (TMU) system at 25 °C. 
[1-Pentanol] 
(M) 
0.00 
0.005 
0.01 
0.02 
0.025 
0.03 
0.04 
0.05 
0.075 
0.10 
0.15 
0.20 
x^O.O 
2.7 
3.4 
5.2 
5.5 
5.9 
6.3 
6.8 
0.025 
2.4 
2.4 
2.5 
2.4 
2.5 
2.6 
2.7 
4.4 
5.2 
Dh (nm) 
0.05 
2.4 
2.5 
2.5 
2.6 
2.7 
3.9 
6.7 
0.25 
2.3 
2.4 
2.3 
2.4 
2.5 
2.5 
2.5 
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Table-3.5: Variation of hydrodynamic diameter (Z)A) with added 
[1-pentanol] in 0.12 M SDS + 0.28 M NaCl + x M 
thiourea (TU) system at 25 °C. 
[1-Pentanol] 
(M) 
0.00 
0.005 
0.01 
0.02 
0.025 
0.03 
0.04 
0.05 
0.075 
0.10 
0.15 
0.20 
x->0.0 
2.2 
2.7 
3.4 
5.2 
5.7 
5.9 
6.3 
6.8 
0.0125 
2.1 
2.5 
3.2 
8.7 
10.0 
10.8 
11.5 
11.8 
Dh (nm) 
0.025 
2.1 
2.2 
2.0 
2.8 
6.3 
7.9 
8.9 
10.09 
11.08 
0.05 
2.1 
2.1 
2.1 
2.6 
6.3 
7.8 
9.1 
10.0 
10.8 
0.20 
2.1 
2.2 
2.6 
8.2 
10.9 
12.1 
0.30 
2.2 
2.4 
2.5 
2.6 
3.2 
10.9 
12.7 
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Table-3.6: Variation of hydrodynamic diameter (D/,) with added 
[1-pentanoI] in 0.12 M SDS + 0.28 M NaCI + x M 
tetramethylthiourea (TMTU) system at 25 °C. 
[1-PentanoI] 
(M) 
0.00 
0.005 
0.01 
0.02 
0.025 
0.03 
0.04 
0.05 
0.075 
0.10 
0.15 
0.20 
x^O.O 
2.2 
2.7 
3.4 
5.2 
5.5 
5.9 
6.3 
6.8 
0.05 
2.5 
3.2 
4.9 
5.6 
5.9 
6.5 
6.9 
A(nm) 
0.2 
2.4 
2.6 
2.9 
4.8 
6.3 
6.8 
7.0 
0.25 
2.6 
2.7 
2.9 
4.5 
5.8 
7.2 
7.4 
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Fig. 3.2: Variation of hydrodynamic diameter (Df,) with added 
[1-pentanoi] in 0.12 M SDS + 0.28 M NaCl solution 
containing different fixed amounts of urea (U) at 25 °C. 
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Fig. 3.3: Variation of hydrodynamic diameter (D/,) with added [1-
pentanol] in 0.12 M SDS + 0.28 M NaCl solution containing 
different fixed amounts of monomethylurea (MMU) at 25 
°C. 
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0.2 0.25 
Fig. 3.4: Variation of hydrodynamic diameter (Z)/,) with added 
[1-pentanol] in 0.12 M SDS + 0.28 M NaCl solution 
containing different fixed amounts of dimethylurea 
(DMU) at 25 °C. 
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Fig. 3.5: Variation of hydrodynamic diameter (Dh) with added 
[1-pentanol] in 0.12 M SDS + 0.28 M NaCl solution 
containing different fixed amounts of tetramethylurea 
(TMU) at 25 °C. 
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Fig. 3.6: Variation of hydrodynamic diameter (D/,) with added 
[1-pentanol] in 0.12 M SDS + 0.28 M NaCl solution 
containing different fixed amounts of thiourea (TU) 
at 25 °C. 
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Fig. 3.7: Variation of hydrodynamic diameter (Z)/,) with added 
[l-pentanol] in 0.12 M SDS + 0.28 M NaCl solution 
containing different fixed amounts of tetramethylthiourea 
(TMTU) at 25 °C. 
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Table-3.7: Variation of [l-pentanol]s^r for various ureas at different 
concentrations in 0.12 M SDS + 0.28 M NaCl system at 
25 °C. 
[Ureas] 
(M) 
0.0 
0.0125 
0.025 
0.05 
0.25 
0.30 
0.50 
0.75 
U 
0.038 
0.037 
0.022 
0.044 
0.112 
0.16 
0.2 
[l-Pentanol]s^r(M) 
MMU 
0.038 
0.021 
0.038 
0.05 
0.15 
0.2 
0.23 
DMU 
0.038 
0.028 
0.056 
0.15 
0.22 
0.3 
TMU 
0.038 
0.07 
0.1 
0.22 
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Table - 3.8: Variation of [l-pentanol]s^r for various ureas at 
different concentrations in 0.12 M SDS + 0.28 M NaCI 
system at 25 °C. 
[Thioureas] 
(M) 
[l-Pentanol]s->r(M) 
TU TMTU 
0.0 
0.0125 
0.05 
0.20 
0.25 
0.30 
0.038 
0.02 
0.02 
0.05 
0.075 
0.038 
0.045 
0.10 
0.15 
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Fig. 3.8: Amount of 1-pentanol needed to bring s^r, 
[l-pentanol]s^r with additive concentrations at 25 °C. 
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Fig. 3.9: Comparison of the behavior of [l-pentanol]s->r V5. 
[additive] for U and TU. 
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Fig. 3.10: Variation of [l-pentanol]s^r with additive concentrations at 
25 °C. 
108 
TabIe-3.9: Variation of relative viscosity (7,) with added Urea (U) or 
thiourea (TU) in 0.12 M SDS + 0.28 M NaCl + 0.04 M 
1-pentanol system at 25 °C. 
[Additive] rjr 
(M) U TU 
"OO U 5 1.15 
0.014 1.17 1.16 
0.024 1.18 
0.027 1.205 
0.05 1.165 1.167 
0.10 1.147 
0.15 1.16 1.12 
0.20 1.116 
0.25 1.13 1.11 
0.30 1.11 
0.35 1.13 
0.50 1.11 
1.22-J 
1.20-
1.18- O 
•O 
1.16-0 O 
H—no additive 
1.14-
1.12-
1.10 
o o 
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Fig. 3.11: Variation of relative viscosity {rjr) with added U and 
TU in 0.12 M SDS + 0.28 M NaCl + 0.04 M 1-
pentanol system at 25 °C. 
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In Fig. 3.1 we have shown D/, at different [1-pentanol], which clearly 
indicates the transition in SDS micelles from one structure to other. 
Sharp increase of D/, is clearly noticed around 0.04M [1-pentanol], which 
indicates structural transition of SDS micelles from sphere-to-rod.^^ 
Three distinct regions are identifiable: in region I (low [1-pentanol]), 
micelles are roughly spherical. On increasing the [1-pentanol], a sharp 
rise in Dh is observed (region II). In region III (high [1-pentanol]), the Dh 
values suggest that the micelles are anisotropic (i.e., rod-shaped). The 
monotonous increase in Dh with [1-pentanol] (region III) suggests that the 
shape of micelles is completely changed and additional 1-pentanol is 
being used only to increase the length of the micelle. Unlike other 
techniques, however, the DLS measurements show a well-defined 
begirming and end of the transition. The data allow us to say that the 
above s ^ r is complete at ~ 0.04 M 1-pentanol in the system (without any 
additive. Fig. 3.1). This value of 1-pentanol concentration is consistent to 
the calorimetric and viscometric observations.'^' 
It has been reported that the site of solubilization of different 
compounds within micellar systems can be correlated with the structural 
organization of aggregates.^'* The structural transition is accompanied by 
a distinct rise in viscosity,^^ which can be correlated with the present Dh 
variation with [1-pentanol] (Fig. 3.1). Zana^ '^^ ^ has studied the s-^r of 
the tetradecyltrimethylammonium bromide system in the presence of 1-
pentanol. Continued addition of such alcohols to a normal spherical 
micellar solution is like pushing the system toward rods. The addition of 
longer alcohols has indeed produced rod-shaped micelles with increased 
aggregation numbers.^^ Through a comparison of the enthalpic^^ and light 
I l l 
scattering studies/^"^^ it has been concluded that the end of the break 
observed calorimetrically corresponded to the s ^ r observed with Hght 
scattering. One may argue that 1-pentanol forms larger spherical mixed 
micelles with SDS, which could be responsible for the sigmoidal 
behavior observed in Fig. 3.1. If this is the case, then 1-pentanol should 
solubilize in the micellar core, but this possibility in the present situation 
is remote on the basis of results published earlier.^ '*'^ ^ Another factor is 
that the Dh should have been increased regularly with higher [1-pentanol], 
which is not observed by the DLS data (Fig. 3.1). These facts allow to say 
that the present sigmoidal behavior of Dh vs. 
[1-pentanol] is due to s—*r and not from the formation of larger spherical 
mixed micelles in the solution. The most plausible explanation for s —> r 
is the increase in hydrophobic forces due to the embedding of 1-pentanol 
between SDS monomers in the micelles. Mukerjee''" showed that an 
additive, which is surface-active for a hydrocarbon - water interface, will 
be mainly solubiliz^d near the micellar headgroup region and will 
facilitate the structural transition (e.g., s^^r). These factors modify the 
effective packing parameter of the surfactant'*'''*^ and are responsible for 
the micellar growth with a concomitant increase in £)/,. Therefore, we 
have chosen 0.12 M SDS + 0.28 M NaCl + 1-pentanol system to see the 
effect of different ureas in detail. 
Before interpreting the actual DLS results on the urea (and other 
members) effect (Figs. 3.2 - 3.7), it is worthwhile to have an idea of the. 
micellar interface, urea partitioning among micellar and aqueous 
pseudophases, and influence of urea addition on the partitioning of 1-
pentanol itself Surfactant monomer aggregation greatly enhances the 
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ionic concentration at the micellar surface either as headgroups or as 
counterions. This provides the micellar surface some of the properties of 
a concentrated salt solution/^ "'*'* In this situation, short-range specific 
interactions, for example, H-bonding with anions, solvated anion/cation 
interactions, induced dipoles (polarization), and partial desolvation to 
give solvent-separated and tight ion-pairs, may contribute to the overall 
balance of forces controlling micelle formation, ionization, size, and 
shape. It has been reported that the aqueous urea solution is in a single 
phase and urea molecules are spread homogeneously throughout.''* 
Recently, Romsted et al.'" reported that urea partitioning does not change 
much (within 10%) even in the presence of aqueous micellar solutions of 
the type of surfactant systems addressed in the present case. This 
indicates that the binding interaction of urea with the micellar surface 
(whether anionic or cationic) is overall weak and limits the specificity of 
the urea - micelle interaction. This also confirms the conclusions of an 
earlier study on urea addition to protein that urea - protein interactions 
are weak and short-lived.'' It has been reported that urea increases the 
dielectric constant of water.'*^  Singh et al.'*^  concluded that micelle 
formation could be a combined effect of the dielectric constant of the 
medium, the nature of H-bonding, and the dispersion forces among the 
alkyl chams of the surfactant monomer. Thus, the dielectric constant of 
the solvent medium seems to be an important factor (among others) 
affecting the micellar association of ionic surfactants. Because urea -
water mixtures are more polar than water itself, specific and Coulombic 
interactions at micellar surfaces with their high local concentrations of 
charged headgroups and counterions are reduced.'^ Both of these effects 
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enhance the stability of free ions but also reduce the interhead group 
repulsion within the micellar surface. Therefore, urea would affect the 
two opposite forces responsible for micellization (i.e., (i) it enhances the 
stability of free ions (opposes micellar association) and (ii) it decreases 
interheadgroup repulsion (responsible for the predominance of 
hydrophobic interactions)). Hence urea addition may produce a barrier 
that depends on [urea] itself in the system. 
Figure 3.8 shows the variation of [l-pentanol]s^r with urea 
concentrations. It can be seen that the presence of urea in the system 
causes a decrease of [l-pentanol]s->r at low additive concentrations 
followed by an increase with continuous increase of urea concentrations. 
The observation at low [additive] is unique as urea is known to postpone 
both micellization and s^r.^' The results support the viewpoint that urea 
acts as an ameliorator for micellization and renaturant for proteins (if 
added in low concentrations). As the [urea] continuously increases, the 
micelle ionization also increases.'^ '^ '^'*'' Urea is also reported to contribute 
to the breakdown of alcohol- Na"^  - F clusters in quaternary solutions of 
alcohol/water/urea/Nal.'** Therefore, the charged/uncharged fraction of 
the micelle also has a role to play in the urea effect. Compared with 
uncharged solute, urea is preferentially adsorbed by the charged solute 
pair.^ Solvation of the strongly interacting solute by urea destabilizes the 
contacts between the solutes (surfactant monomer ions in the present 
case). The adsorption of urea on charged surfactant monomers inside the 
micelles leads to a repulsion between them at the micellar surface, which 
exposes the hydrophobic portion of the monomers to water. The onset of 
water into the micellar interior leads to the destabilization of the rod-
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shaped micelles, resulting in spherical ones. This explains the higher 
value of [l-pentanol]s->r needed at the increased concentrations of urea 
(Fig. 3.2). The picture provided here clarifies the origin of urea-adsorbed 
interactions and their possible influence on micellar association (i.e., 
hydrophobic interactions). It should be mentioned here that the 
coaggregation tendency of 1-pentanol in SDS micelles may decrease in 
going from H2O to urea solutions of different concentrations (0-5 M).^ 
However, in the study no distinct change in transfer free energy of 1-
butanol from SDS micelles in water to IM aqueous urea solution was 
observed.^ In the present study, because the maximum [urea] used was 
0.75 M, it canisafely be assumed that no significant effect on 1-pentanol 
partititioning is expected in presence of such small concentrations of 
urea. The present urea effects very closely parallel the effects of urea on 
the cmc of SDS and cetyltrimethylammonium bromide.'^ '"*^ It is worth 
noting that the urea effect of micelle destabilization (increase in [1-
pentanol]s-^r at higher [urea]) shows up at comparatively much lower 
[urea] than in the case of proteins, which may be due to the size 
difference involved in the two type of systems. 
Figure 3.8 also depicts the variation of [l-pentanol]s->r for other 
alkylureas (MMU, DMU and TMU). For each urea analogue, there exists 
a minimum in [l-pentanol]s_>r that is dependent upon the nature and 
number of methyl groups in the additive. However, the decrease in [1-
pentanol]s^r is less marked (even absent in the case of TMU, Table 3.7). 
Taking the analogy of the urea effect as discussed above, one can say that 
as we replace H- by CH3- group in a particular urea its adsorption effect 
on the charged surfactant monomer is expected to increase. MMU almost 
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works as urea, but with DMU the advancement of s->r is observed 
comparatively up to lower [DMU]. This picture is almost changed in the 
case of TMU, and only a delay of the s^^r is observed. Higher [TMU] 
causes micelles to remain spherical upto fairly higher [1-pentanol]. This 
means that urea with a higher number of methyl groups destabilizes the 
rod-shaped micelles and, therefore, can be used as a better denaturant in 
place of urea in protein chemistry. Similar effects of alkylureas were 
observed in increasing the cmc of non-ionic surfactants.^*'''' 
Figure 3.9 shows the comparative effect of the addition of U/TU on 
[l-pentanol]s^r- It can be seen that TU causes a larger decrease in 
[l-pentanol]s_>r than U, but the increasing ability of [l-pentanol]s_>r also 
starts from a low concentration of TU in comparison to U. This means 
that TU can cause an advancement of s->r even at very low 
concentration. Keeping in view the molecular structure of U and TU,'^'" 
we observe that: (i) U has more H - bonding sites; (ii) sulfur in TU, being 
bigger in size, has a stronger local dipole moment as compared to oxygen 
in U; (iii) the crystal structures of U and TU are different; and (iv) U is 
less basic than TU. The interactions with the micelles and background 
solution and hence the s ^ r would undoubtedly be affected by these 
differences between U and TU. This could be the reason for the 
effectiveness of TU in decreasing and increasing [l-pentanol]s->r at lower 
and higher concentration ranges (Fig. 3.9). 
As we increase the number of methylene groups in thiourea, the 
lower additive concentration effect (i.e., decrease in [l-pentanol]s^r) is 
diminished (Fig. 3.10), which is like the effect of TMU (Fig. 3.8) and can 
be explained in a similar fashion. 
To provide additional evidence regarding the low concentration 
effect of the additives, viscosity measurements were carried out on the 
chosen 0.12 M SDS + 0.28 M NaCl + 0.04 M 1-pentanol system in the 
presence of U/TU. The relative viscosity (jjr) increases first with U or TU 
concentrations and then falls regularly (Fig. 3.11). The viscosity trend 
seems in parallel to the Df, variation (Table 3.1). The increase in rjr at 
low additive concentrations may be due to increase in micellar size^ '* 
(because of increased hydrophobic interactions caused by increase in 
dielectric constant of the medium). The viscosity results corroborate the 
DLS findings. At moderately higher concentrations, the additive 
molecules get preferentially adsorbed on charged hydrophilic residues 
and lead to repulsion between them^ with a lesultant decrease in the size 
of the micelle. This will cause decrease in jjr at higher [additive], which is 
indeed observed (Fig. 3.11). 
It can be concluded that the s ^ r transition in the micellar solution 
is remarkably influenced by different ureas and their effects are 
dependent upon the nature and the concentration. At lower 
concentrations, a change in the dielectric constant of the solvent plays a 
dominant role and is responsible for the advancement of s->r. However, 
at higher additive concentrations, the effect is overshadowed by the 
adsorption of the additive on the charged amphiphilic species 
(monomers) of the micelle (or exposure of hydrophobic parts in proteins) 
with the concomitant shift of s->r in favor of the reverse direction. 
Hence, the exposure of the inner portions of micelles (or proteins) seems 
to be the prime cause of their destabilization. 
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Introduction 
The self-assembly of surfactant molecules in bulk aqueous 
solutions leads to many unusual dynamical' and equilibrium properties. 
Understanding the mechanism that controls this self-assembly is central 
to a wide range of applications in nanoscience.^ The aggregates formed 
through self-association of surfactants can be of various shapes and 
sizes.^ '^  Despite their importance, many important features of such 
systems have resisted theoretical explanation. The so-called urea effect^^ 
is one of many interesting phenomena observed in surfactant science. 
This is due to the fact that both micelles and proteins are governed by the 
same forces (hydrophobic interactions) and these forces are influenced by 
the presence of urea in the solution. The detailed information about urea 
effect is already provided in the general introduction as well as in 
Chapter III. 
The geometry of the aggregates formed by the surfactant molecules 
is a result of a delicate balance of two opposing forces. The attractive tail-
tail hydrophobic interaction provides the driving force for the aggregation 
of surfactant molecules, while the electrostatic repulsion between 
headgroups limits the size that a micelle can attain. Surfactants with 
smaller headgroup areas tend to form larger structures. For ionic 
surfactants, the same area shrinking effect may be achieved by addition of 
a salt or a suitable co-surfactant. It may be mentioned here that salt 
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addition changes the intermicellar interactions while co-surfactant 
additions change intramicellar interactions. Also, micellization generates 
an interfacial region in which the local concentration of the ions is of the 
order of 1-3 M'^ of interfacial volume, i.e., the interfacial region can be 
considered as a concentrated salt solution. In the preceeding Chapter III, a 
model system'^ (0.12 M SDS + 0.28 M NaCl + 1-pentanol) was chosen to 
see the effect of ureas on micellar structural changes. The picture 
appeared different that differed from the earlier literature reports (i.e., 
urea postpones the surfactant aggregation). Also, it was concluded that 
the effect was dependent upon the nature and concentration of the 
additive. Looking at the complexity of the system and considering the 
above facts a relatively simple sodium dodecylbenzenesulfonate (SDBS) 
- 1-pentanol system (containing no salt) is now chosen, and the effects of 
adding urea as well as other related compounds such as TU, MMU, 
DMU, TMU, DMTU or TMTU on the observance of sphere-to-rod 
transition (s->r) has been studied by DLS and viscosity measurements. 
Detailed viscosity data provided here are in consonance with the DLS 
results given here as well as in Chapter III. 
Results 
The values of hydrodynamic diameters (£)/,) of SDBS micelles in 
0.2 M SDBS + ureas/thioureas + 1-pentanol aqueous solutions at 25 "C 
are collected in Tables 4.1-4.7. The relevant £)/, vs. [1-pentanol] plots at 
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different additive concentrations are shown in Figs. 4.1-4.7. Tiie 
variations of [l-pentanol]s-,r with added different ureas/thioureas (Tables 
4.8 and 4.9) are shown in Figs. 4.8-4.10. Fig. 4.11 shows the relative 
viscosity (jjr) variation with [1-pentanol]. Similar rjr vs. [1-pentanol] plots 
were obtained with different concentrations of ureas/thioureas (not 
shown). All these plots are used to obtain [l-pentanol]s->r by viscosity 
measurements. The viscosity results carried out on the chosen system in 
presence of different ureas/thioureas are summarized in Tables 4.10 -
4.16. The values of [l-pentanol]s^r obtained viscosity measurements at 
different additive concentrations are summarized in Tables 4.8 and 4.9 
which are plotted in Figs. 4.12 - 4.18. 
Discussion 
The Dh for the spherical SDBS micelle (0.2 M, no added urea. Fig. 
4.1) was found to be 2.5 nm, which is higher than the value of 2.2 nm 
obtained earlier for spherical SDS micelle (Chapter III) although both the 
surfactants have the same dodecyl chain in their monomers. This can be 
understood in light of the fact that the SDBS monomer has one extra 
benzene ring. As a result, the benzene ring contributes towards the length 
of the SDBS monomer and hence, is responsible for the higher value of 
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TabIe-4.1: Variation of hydrodynamic diameter (Z)/,) with added 
[1-pentanol] in 0.2 M SDBS + x M urea (U) system at 25 
°C. 
[1- Pentanol] 
(M) 
0.00 
0.025 
0.05 
0.07 
0.075 
0.08 
0.09 
0.10 
0.11 
0.12 
0.13 
0.14 
0.15 
0.16 
0.18 
0.20 
0.25 
x->0.0 
2.5 
2.5 
2.5 
2.5 
2.5 
2.8 
5.7 
6.2 
0.0125 
2.5 
2.5 
2.5 
2.5 
3.0 
4.7 
5.3 
5.8 
A ( n m ) 
0.025 
2.5 
2.5 
2.5 
2.5 
2.8 
5.3 
5.9 
6.0 
0.05 
2.5 
2.5 
2.5 
2.8 
4.5 
5.4 
5.7 
5.8 
5.9 
0.10 
2.5 
2.5 
2.5 
2.9 
5.0 
5.35 
5.5 
5.7 
0.20 
2.5 
2.5 
2.5 
2.5 
3.6 
5.1 
5.4 
5.5 
0.30 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.9 
5.8 
6.0 
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Table-4.2: Variation of hxdrodynamic diameter (/)/,) with added 
[1-pentanol] in 0.2 M SDBS + x M monomethylurea 
(MMU) system at 25 °C. 
[1-Pentanol] 
(M) 
0.00 
0.025 
0.05 
0.07 
0.075 
0.08 
0.09 
0.10 
0.11 
0.12 
0.13 
0.14 
0.15 
0.16 
0.18 
0.19 
0.20 
0.23 
x->0.0 
2.5 
2.5 
2.5 
2.5 
2.5 
2.8 
5.7 
6.2 
0.0125 
2.5 
2.5 
2.5 
2.5 
2.8 
4.3 
5.5 
6.1 
6.3 
Dh (nm) 
0.05 
2.5 
2.5 
2.5 
2.6 
3.2 
5.6 
6.0 
6.1 
0.075 
2.5 
2.5 
2.5 
4.3 
5.3 
5.5 
5.6 
5.8 
0.15 
2.5 
2.5 
2.5 
2.7 
4.1 
4.6 
4.8 
4.9 
0.30 
2.5 
2.5 
2.5 
2.5 
2.6 
3.1 
3.6 
4.1 
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Table-4.3: Variation of hydrodynamic diameter (D/,) with added 
[1-pentanol] in 0.2 M SDBS + x M dimethylurea (DMU) 
system at 25 °C. 
[1- Pentanol] 
(M) 
0.00 
0.025 
0.05 
0.075 
0.10 
0.11 
0.12 
0.13 
0.14 
0.15 
0.16 
0.18 
0.20 
0.22 
0.23 
0.25 
0.26 
0.30 
x->0.0 
2.5 
2.5 
2.5 
2.5 
2.5 
2.8 
5.7 
6.2 
0.0125 
2.5 
2.5 
2.5 
2.5 
2.8 
4.5 
6.5 
6.8 
6.8 
Dh (nm) 
0.025 
2.5 
2.5 
2.5 
2.5 
4.7 
6.3 
6.5 
6.7 
0.05 
2.5 
2.5 
2.5 
2.5 
2.7 
5.7 
6.65 
0.075 
2.5 
2.5 
2.5 
2.5 
2.7 
4.7 
5.6 
6.0 
0.10 
2.5 
2.5 
2.5 
2.5 
2.5 
3.1 
6.0 
6.4 
0.15 
2.5 
2.5 
2.5 
2.5 
3.76 
5.3 
6.4 
6.7 
0.20 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
4.4 
5.4 
5.5 
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TabIe-4.4: Variation of hydrodynamic diameter (D/,) with added 
[1-pentanoI] in 0.2 M SDBS + x M tetramethylurea 
(TMU) system at 25 °C. 
[1- Pentanol] 
(M) 
0.00 
0.025 
0.05 
0.075 
0.10 
0.12 
0.13 
0.14 
0.15 
0.16 
0.17 
0.18 
0.20 
0.22 
0.23 
0.24 
0.25 
0.28 
0.30 
x^O.O 
2.5 
2.5 
2.5 
2.5 
2.5 
2.8 
5.7 
6.2 
0.0125 
2.5 
2.5 
2.5 
2.8 
5.4 
5.6 
5.7 
5.7 
Dh(nm) 
0.025 
2.5 
2.5 
2.5 
2.9 
4.2 
4.6 
4.8 
4.9 
0.05 
2.5 
2.5 
2.5 
2.5 
3.1 
4.6 
4.9 
5.0 
0.75 
2.5 
2.5 
2.5 
2.5 
2.7 
3.9 
4.6 
4.8 
5.0 
0.10 
2.5 
2.5 
2.5 
2.6 
3.2 
4.5 
4.7 
4.8 
> ^ 
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TabIe-4.5: Variation of hydrodynamic diameter (/>/,) with added 
[1-pentanol] in 0.2 M SDBS + x M thiourea (TU) system 
at 25 °C. 
[1- Pentanol] A (nm) 
(M) x->0.0 0.0125 0.025 005 OAO 0^ 20 OSO' 
23 Z5 2^5 23 23~ 0.00 
0.025 
0.05 
0.07 
0.075 
0.08 
0.09 
0.10 
0.11 
0.12 
0.13 
0.14 
0.15 
0.16 
0.17 
0.18 
0.19 
0.20 
0.23 
2.5 
2.5 
2.5 
2.5 
2.5 
2.8 
5.7 
6.2 
2.5 
2.5 
2.5 
2.5 
3.7 
5.8 
5.8 
6.1 
2.5 2.5 2.5 2.5 2.5 
2.5 2.5 2.5 2.5 
2.5 
3.7 
2.5 2.5 2.5 2.5 
3.8 
5.7 4.7 3.1 
5.9 
6.1 5.7 2.5 2.5 
2.8 
5.9 4.5 
5.4 3.5 
3.1 
6.3 6.2 6.0 5.6 5.0 
5.5 
130 
Table-4.6: Variation of hydrodynamic diameter {D^) with added 
[1-pentanol] in 0.2 M SDBS + x M dimethyithiourea 
(DMTU) system at 25 °C. 
[1- Pentanol] 
(M) 
0.00 
0.025 
0.05 
0.075 
0.10 
0.12 
0.13 
0.132 
0.14 
0.15 
0.16 
0.17 
0.18 
0.19 
0.20 
0.23 
0.24 
0.26 
0.30 
x-^0.0 
2.5 
2.5 
2.5 
2.5 
2.5 
2.8 
5.7 
6.2 
0.0125 
2.5 
2.5 
2.5 
2.5 
2.7 
3.8 
4.5 
4.6 
4.7 
0.025 
2.5 
2.5 
2.6 
2.9 
4.3 
4.6 
4.7 
4.9 
D/,(nm) 
0.05 
2.5 
2.5 
2.5 
2.6 
4.4 
4.6 
4.7 
4.8 
0.075 
2.5 
2.5 
2.5 
2.6 
3.8 
4.2 
4.3 
4.4 
0.10 
2.5 
2.5 
2.5 
2.5 
2.6 
3.6 
4.1 
4.2 
4.3 
0.20 
2.5 
2.5 
2.5 
2.5 
2.6 
3.7 
4.2 
0.30 
2.5 
2.5 
2.5 
2.5 
2.6 
2.5 
3.5 
3.8 
3.9 
4.0 
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TabIe-4.7: Variation of hydrodynamic diameter (D )^ with added 
[1-pentanol] in 0.2 M SDBS + x M tetramethylthiourea 
(TMTU) system at 25 °C. 
[1-Pentanol] 
(M) 
0.00 
0.025 
0.05 
0.075 
0.10 
0.12 
0.13 
0.14 
0.15 
0.16 
0.17 
0.18 
0.19 
0.20 
0.22 
0.23 
0.24 
0.25 
0.30 
x->0.0 
2.5 
2.5 
2.5 
2.5 
2.5 
2.8 
5.7 
6.2 
0.0125 
2.5 
2.5 
2.5 
2.7 
4.8 
5.7 
6.1 
6.2 
Dh (nm) 
0.025 
2.5 
2.5 
2.5 
2.6 
3.3 
5.0 
5.7 
5.9 
0.05 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
5.0 
5.7 
0.75 
2.5 
2.5 
2.5 
2.5 
2.7 
4.9 
5.6 
5.8 
0.10 
2.5 
2.5 
2.5 
2.5 
2.5 
2.6 
4.4 
5.1 
5.6 
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0 0.05 0.1 0.15 0.2 0.25 0.3 
[1-Pentanol](M) 
Fig. 4.1: Variation of hydrodynamic diameter (Dh) with added 
[1-pentanol] in 0.2 M SDBS solution containing different 
fixed amounts of urea (U) at 25 °C. 
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• -0.0125 
A - 0.025 
A - 0.05 
D-0.075 
X-0.15 
• -0.30 
ill X^ 
0 0.05 0.1 0.15 0.2 
[1-Pentanol] (M) 
0.25 0.3 
Fig. 4.2: Variation of hydrodynamic diameter (D/,) with added [1-
pentanol] in 0.2 M SDBS solution containing different fixed 
amounts of monomethylurea (MMU) at 25 °C. 
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O-O.O 
•-0.0125 
A-0.025 
A-0.05 
D - 0.075 
• -0.10 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 
[1-Pentanol] (M) 
Fig. 4.3: Variation of hydrodynamic diameter (D/,) with added [1-
pentanol] in 0.2 M SDBS solution containing different fixed 
amounts of dimethylurea (DMU) at 25 °C. 
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[TMUJ/M 
O - 0.0 
• - 0.0125 
A - 0.025 
A - 0.05 
D - 0.075 
• -0.10 
0 0.05 0.1 0.15 0.2 0.25 
[1-Pentanol](M) 
0.3 0.35 
Fig. 4.4: Variation of hydrodynamic diameter {Df,) with added [1-
pentanol] in 0.2 M SDBS solution containing different fixed 
amounts of tetramethylurea (TMU) at 25 °C. 
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0 0.05 0.1 0.15 0.2 
[1-Pentanol] (M) 
0.25 0.3 
Fig. 4.5: Variation of hydrodynamic diameter (/)/,) with added [1-
pentanol] in 0.2 M SDBS solution containing different fixed 
amounts of thiourea (TU) at 25 °C. 
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Fig. 4.6: Variation of hydrodynamic diameter (Dh) with added [1-
pentanol] in 0.2 M SDBS solution containing different fixed 
amounts of dimethylthiourea (DMTU) at 25 °C. 
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• - 0.0125 
A - 0.025 
A - 0.05 
D - 0.075 
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Fig. 4.7: Variation of hydrodynamic diameter (Z)^ ) with added [1-
pentanol] in 0.2 M SDBS solution containing different fixed 
amounts of tetramethylthiourea (TMTU) at 25 °C. 
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Table - 4.8: Comparative [l-pentanol]s^r data obtained from DLS 
and viscometry for various ureas. 
[Ureas] 
(M) 
0.00 
0.0125 
0.025 
0.05 
0.075 
0.10 
0.15 
0.20 
0.30 
0.40 
0.50 
0.70 
U 
DLS 
0.14 
0.12 
0.09 
0.105 
0.122 
0.15 
0.19 
Vis. 
0.14 
0.115 
0.08 
0.10 
0.12 
0.142 
0.169 
0.164 
0.18 
MMU 
DLS 
0.14 
0.115 
0.10 
0.11 
0.11 
0.12 
0.172 
[l-Pentanol]s-^r (M) 
Vis. 
0.14 
0.12 
0.095 
0.10 
0.098 
0.10 
0.121 
0.12 
0.17 
0.18 
0.21 
DMU 
DLS 
0.14 
0.14 
0.135 
0.135 
0.165 
0.18 
0.22 
0.245 
Vis. 
0.14 
0.125 
0.13 
0.155 
0.175 
0.21 
0.24 
TMU 
DLS 
0.14 
0.142 
0.14 
0.182 
0.215 
0.24 
Vis. 
0.14 
0.135 
0.14 
0.18 
0.235 
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Table - 4.9: Comparative [l-pentanol]s->r data obtained from DLS 
and viscometry for various thioureas. 
[Thioureas] 
(M) 
0.00 
0.01 
0.0125 
0.025 
0.05 
0.075 
0.10 
0.15 
0.20 
0.25 
0.30 
0.40 
TU 
DLS 
0.14 
0.09 
0.125 
0.142 
0.15 
0.175 
0.20 
Vis. 
0.14 
0.07 
0.115 
0.135 
0.148 
0.165 
0.19 
[l-Pentanol]s^r (M) 
DMTU 
DLS 
0.14 
0.14 
0.124 
0.13 
0.158 
0.169 
0.19 
0.223 
Vis. 
0.14 
0.13 
0.12 
0.135 
0.15 
0.16 
0.17 
0.185 
0.20 
0.245 
1 
TMTU 
DLS 
0.14 
0.14 
0.14 
0.18 
0.216 
0.24 
Vis. 
0.14 
0.13 
0.13 
0.17 
0.23 
0.26 
0.32 
0.34 
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Fig. 4.8: Amount of 1-pentanol needed to bring s-^r, [l-pentanol]s 
with additive concentrations at 25 °C. 
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Fig. 4.10: Variation of [l-pentanol]s^r with additive concentrations at 
25 °C. 
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Fig. 4.11: Variation of relative viscosity (rjr) with added [1-pentanol] 
in 0.2 M SDBS solution at 25 °C. 
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Table-4.10: Variation of relative viscosity (rj^) with added [ 1 -
pentanol] in 0.2 SDBS + x M urea system at 25°C. 
[1-Pentanol] ' n 
(M) : 
x->0.0 0.0125 0.025 0.05 0.075 0.10 0.20 0.25 0.30 0.50 0.70 
~aOO L49 TSS IM 1.49 1.47 1.49 1.49 1.44 1.46 1.44 1.52 
0.02 1.56 1.62 1.52 1.50 
0.03 1.62 1.57 1.58 1.58 1.56 1.54 1.48 
0.04 1.67 1.72 1.64 1.575 
0.05 1.70 1.74 1.66 1.67 1.66 1.64 1.61 1.54 
0.06 1.80 1.72 1.69 
0.07 1.79 1.81 1.75 1.81 1.67 1.62 
0.08 1.85 1.78 1.77 1.70 1.78 
0.09 1.89 1.88 1.87 1.85 
0.10 1.92 2.03 1.92 1.81 1.89 1.73 1.73 
0.11 2.05 2.09 1.96 1.88 
0.12 2.03 2.15 2.09 1.90 1.89 1.79 1.82 
0.13 2.20 2.11 2.08 2.06 
0.14 2.09 2.30 2.18 
0.15 2.34 2.34 2.24 2.08 2.09 2.02 1.97 1.91 
0.16 2.29 2.45 2.30 
0.17 2.49 2.45 2.45 2.28 2.16 
0.18 2.44 2.60 2.62 2.29 2.16 2.00 
0.19 2.98 2.71 2.52 2.43 2.33 
0.20 2.75 2.68 2.43 2.41 2.17 
0.203 3.00 
0.206 2.73 
0.21 2.78 2.77 2.65 2.47 
Contd... 
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0.22 
0.23 
0.234 
0.24 
0.25 
0.251 
0.26 
0.27 
0.28 
0.29 
0.30 
2.88 2.43 
3.03 2.77 2.28 
3.19 2.86 
3.10 2.81 
2.82 2.49 
2.88 
2.98 2.72 
2.99 
2.72 
3.35 
2.90 
147 
TabIe-4.11: Variation of relative viscosity (tfr) with added 
[1-pentanol] in 0.2 SDBS + x M monomethylurea system 
at 25 °C. 
[1-Pentanol] w 
(M) 
x^O.O 0.0125 0.025 0.05 0.075 0.10 0.15 0.20 0.30 0.40 0.50 
~aOO IA9 L61 L59 1.47 1.55 1.50 1.63 1.54 1.54 1.49 1.52 
0.015 1.62 
0.02 1.64 1.60 1.60 1.58 1.58 
0.03 1.62 1.66 1.60 1.70 1.60 1.60 
0.04 1.72 1.64 1.66 1.62 1.64 
0.05 1.70 1.70 1.66 1.72 1.60 1.68 
0.06 1.71 1.67 1.68 1.65 1.64 
0.07 1.79 1.72 1.70 1.71 1.74 1.72 
0.08 1.86 1.80 1.77 1.68 1.74 
0.09 1.89 1.82 1.84 1.79 1.78 1.82 1.72 1.80 
0.10 1.90 1.96 1.89 1.91 1.78 1.84 
0.105 1.88 
0.11 2.05 1.95 1.88 1.87 1.80 1.77 
0.12 2.06 2.05 2.04 1.96 1.94 1.89 1.84 1.80 1.87 
0.13 2.20 2.00 1.97 1.92 
0.14 2.20 2.14 2.18 2.15 2.13 1.91 1.90 1.94 
0.145 2.08 
0.15 2.34 2.09 2.04 
0.16 2.28 2.37 2.36 2.23 2.32 2.09 2.03 1.98 
0.17 2.49 2.17 2.01 
0.172 2.48 
0.175 2.31 
Contd. 
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0.18 
0.19 
0.20 
0.203 
0.21 
0.22 
0.23 
0.24 
0.25 
0.26 
0.28 
0.30 
2.51 2.54 2.32 2.39 2.07 2.00 
2.98 
3.00 
2.40 2.30 2.13 
2.71 2.68 2.53 2.51 2.16 2.14 
2.53 2.42 2.34 
2.26 2.22 
2.72 2.69 2.49 
2.40 2.44 
3.04 3.11 2.61 
2.47 2.56 
2.60 2.80 
2.82 3.00 
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Table-4.12: Variation of relative viscosity (rjr) with added 
[1-pentanol] in 0.2 SDBS + x M dimethylurea system 
at 25 °C. 
[1-Pentanol] 
(M) 
0.00 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
0.11 
0.12 
0.13 
0.14 
0.15 
0.16 
0.17 
0.18 
0.19 
0.20 
0.203 
0.21 
x^O.O 
1.49 
1.62 
1.70 
1.79 
1.89 
2.05 
2.20 
2.34 
2.49 
2.98 
3.00 
0.025 
1.54 
1.60 
1.68 
1.70 
1.80 
1.80 
1.84 
1.98 
2.08 
2.26 
2.38 
2.50 
2.66 
0.05 
1.50 
1.50 
1.58 
1.65 
1.70 
1.80 
1.88 
2.10 
2.04 
2.31 
2.43 
fir 
0.075 
1.50 
1.63 
1.70 
1.75 
1.81 
1.90 
1.96 
1.98 
2.08 
2.10 
2.22 
2.30 
0.10 
1.47 
1.56 
1.59 
1.60 
1.73 
1.76 
1.96 
1.99 
2.00 
2.19 
2.22 
0.15 
1.46 
1.50 
1.57 
1.65 
1.73 
1.88 
1.90 
2.05 
2.18 
0.20 
1.46 
1.50 
1.60 
1.62 
1.69 
1.80 
1.87 
1.97 
0.30 
1.54 
1.57 
1.61 
1.69 
1.67 
1.78 
1.85 
1.95 
2.03 
Contd. 
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0.22 
0.23 
0.24 
0.25 
0.265 
0.26 
0.28 
0.30 
0.31 
0.34 
0.364 
0.37 
0.40 
0.43 
2.47 2.45 2.40 2.20 2.19 
2.72 
2.07 
2.95 
2.60 
2.70 
2.85 
2.50 
2.60 
2.77 
2.82 
2.35 
2.45 
2.61 
2.81 
3.18 
3.49 
2.27 
2.48 
2.70 
2.92 
3.28 
3.66 
2.45 
2.42 
2.63 
2.86 
3.02 
3.23 
3.64 
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Table-4.13: Variation of relative viscosity (tjr) with added 
[1-pentanol] in 0.2 SDBS + x M te t ramethylurea 
system at 25 °C. 
[1-Pentanol] rjr 
(M) 
~^^^ om 0^025 0^05 Q J O Q I O " 
"OOO L49 146 r53 L46 L59 L52" 
0.03 1.62 1.55 
0.04 1.65 1.60 1.61 1.61 
0.05 1.70 1.63 
0.07 1.79 1.75 1.64 1.71 1.70 
0.08 1.79 
0.09 1.89 1.82 
0.10 1.83 1.75 1.76 1.78 
0.11 2.05 1.89 1.83 
0.12 1.91 1.77 
0.13 2.20 1.98 1.87 1.78 1.85 
0.14 2.05 1.92 
0.15 2.34 2.06 1.59 
0.16 2.04 1.98 
0.17 2.49 2.29 2.09 1.94 
0.18 2.16 
0.19 2.98 2.55 2.24 2.03 
0.20 2.23 2.07 
0.203 3.00 
0.21 2.39 2.16 
0.215 2.68 
0.22 2.46 2.15 
Contd... 
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0.23 
0.24 
0.25 
0.26 
0.28 
0.30 
0.31 
0.34 
0.36 
0.37 
0.40 
0.44 
0.48 
2.54 
2.73 
2.56 
2.32 2.36 
2.70 
2.90 
3.11 
2.49 
2.78 
3.03 
3.30 
3.59 
2.68 
2.78 
3.07 
3.18 
3.48 
3.81 
4.16 
153 
Table-4.14: Variation of, relative viscosity (//^ ) with added 
[1-pentanol] in 0.2 SDBS + x M thiourea system at 
25 °C. 
[1-Pentanol] « 
(M) 
x^O.OO 0.01 0.025 0.05 0.10 0.20 0.30 
L50 TSO L50 L45 L44 \A2 
1.56 
0.00 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
0.11 
0.12 
0.13 
0.14 
0.15 
0.16 
0.17 
0.18 
0.19 
0.20 
0.203 
1.49 
1.62 
1.70 
1.79 
1.89 
2.05 
2.20 
2.34 
2.49 
2.98 
3.00 
1.60 1.59 1.59 1.50 1.50 
1.61 
1.63 1.72 1.62 1.54 
1.72 1.61 
1.81 1.77 1.85 1.73 
1.89 1.85 1.89 
2.06 1.95 1.94 
2.58 2.58 2.54 
1.70 1.70 
1.96 1.85 1.8 
2.05 1.94 
2.18 2.15 2.07 1.93 
2.13 1.96 
2.24 2.24 2.25 1.98 
2.25 2.15 
2.43 2.37 2.44 2.05 
2.41 2.26 
Contd. 
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0.21 
0.214 
0.22 
0.23 
0.24 
0.25 
0.26 
0.28 
2.59 2.45 
2.69 
2.79 2.60 
2.75 
2.31 
2.45 
2.63 
2.81 
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Table-4.15: Variation of relative viscosity (t]r) with added 
[1-pentanol] in 0.2 SDBS + x M dimethylthiourea 
system at 25 °C. 
[1-Pentanol] M 
(^ ) x-^0.0 0.0125 0.025 0.05 0.075 0.10 0.15 0.20 0.25 0.40 
0.00 L49 L52 1754 1.48 1.50 1.50 1.48 1.48 1.50 1.50 
0.02 1.62 1.57 
0.03 1.62 1.63 1.60 1.55 1.52 1.51 1.55 
0.04 1.60 1.62 1.64 
0.05 1.70 1.69 
0.06 1.72 1.73 1.75 1.66 1.62 1.55 1.56 1.57 
0.07 1.79 1.84 
0.08 1.78 1.80 1.86 1.72 
0.09 1.89 1.90 1.75 1.63 1.67 1.70 
0.10 1.84 1.88 1.87 1.77 
0.11 2.05 1.98 1.67 1.65 1.80 
0.12 1.88 1.95 1.97 1.87 1.82 
0.13 2.20 1.98 2.10 1.70 
0.14 2.00 2.04 2.06 1.93 1.76 1.70 
0.15 2.34 2.30 1.90 
0.16 2.12 2.18 2.14 2.02 1.85 1.80 
0.17 2.49 2.40 2.06 1.80 
0.18 2.26 2.33 2.123 2.16 1.97 1.98 
0.19 2.98 2.61 2.10 
0.20 2.40 2.50 2.37 2.31 2.01 1.89 1.83 
0.203 3.00 
0.21 2.86 2.24 
Contd.... 
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0.22 
0.225 
0.23 
0.233 
0.24 
0.25 
0.26 
0.28 
0.29 
0.30 
0.31 
0.32 , 
0.33 
0.34 
0.35 
0.37 
0.38 
0.40 
0.42 
0.46 
0.50 
2.71 2.52 2.39 2.12 2.05 
2.56 
2.99 
3.0 
2.31 1.90 
2.87 2.62 2.58 2.15 
2.44 2.23 
2.71 2.82 2.22 2.00 
2.82 2.92 2.64 2.45 2.31 
2.22 
3.11 
4.03 
2.62 2.45 
2.27 
2.02 2.67 
2.82 
3.15 
2.32 
2.51 
2.71 
2.95 
3.18 
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Table-4.16: Variation of relative viscosity (rj^) with added 
[l-pentanol] in 0.2 SDBS + x M tetramethylthiourea 
system at 25 °C. 
[I-Pentanol] 
(M) 
x->0.0 0.01 0.025 0.05 0. 10 0.15 0.20 0.25 0.30 
0.00 r49 \M L46 1^ 49 IA9 1^ 52 T l s LST r65" 
0.03 1.62 1.59 1.55 1.60 
0.04 1.60 1.64 1.70 1.72 
0.05 1.70 1.68 1.67 1.62 1.70 
0.07 1.79 1.79 1.73 1.74 1.63 1.68 1.75 1.79 
0.09 1.89 1.82 1.82 1.74 1.75 
0.10 1.75 1.78 1.80 
0.11 2.05 1.92 1.93 1.82 1.87 
0.12 1.81 
0.13 2.20 2.05 2.01 1.96 1.84 1.58 1.91 
0.15 2.34 2.15 2.17 2.05 1.95 1.98 1.97 
0.17 2.49 2.28 2.30 2.16 2.01 2.0 
0.18 2.03 
0.19 2.98 2.46 2.46 2.22 2.02 
0.20 2.10 
0.203 3.00 
0.21 2.66 2.60 2.45 2.27 2.13 2.13 
0.22 2.14 
0.225 2.76 
0.23 2.83 2.52 2.31 
0.25 2.83 2.40 2.41 2.29 2.23 2.20 
0.27 2.92 2.69 
0.29 3.08 2.58 2.41 2.47 2.41 
Contd... 
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030 
0.32 
0.33 
0.35 
0.37 
0.38 
0.40 
0.42 
0.46 
0.50 
0.55 
0.60 
2.87 
3.06 
3.31 
3.61 
3.96 
2.89 2.57 2.56 2.45 
3.00 2.73 2.60 2.60 
3.25 2.87 2.77 2.68 
3.55 3.12 2.98 
3.87 3.45 3.28 3.14 
4.43 3.76 3.56 3.25 
3.93 3.54 
3.68 
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Fig. 4.12: Comparative data on [l-pentanol]s^r obtained from DLS and 
viscosity methods for 0.2 M SDBS solution containing 
different fixed amounts of urea (U) at 25 °C. 
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Fig. 4.13: Comparative data on [l-pentanol]s-^r obtained from DLS and 
viscosity methods for 0.2 M SDBS solution containing 
different fixed amounts of monomethylurea (MMU) at 
25 °C. 
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Fig. 4.14: Comparative data on [l-pentanol]s->r obtained from DLS and 
viscosity methods for 0.2 M SDBS solution containing 
different fixed amounts of dimethylurea (DMU) at 
25 T . 
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Fig. 4.15: Comparative data on [l-pentanol]s^r obtained from DLS and 
viscosity methods for 0.2 M SDBS solution containing 
different fixed amounts of tetramethylurea (TMU) at 
25 °C. 
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Fig. 4.16: Comparative data on [l-pentanol]s_>r obtained from DLS and 
viscosity methods for 0.2 M SDBS solution containing 
different fixed amounts of thiourea (TU) at 25 °C. 
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Fig. 4.17: Comparative data on [l-pentanol]s_>r obtained from DLS and 
viscosity methods for 0.2 M SDBS solution containing 
different fixed amounts of dimethylthiourea (DMTU) at 
25 °C. 
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Fig. 4.18: Comparative data on [l-pentanol]s^r obtained from DLS and 
viscosity methods for 0.2 M SDBS solution containing 
different fixed amounts of tetramethylthiourea (TMTU) at 
25 T . 
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Figure 4.1 is also containing £>/, data with different [1-pentanol] in 
presence of various fixed concentrations of urea. The sharp increase in Df, 
can be considered here also as an indication of micellar structural 
transition (as discussed in Chapter III). The only difference observed here 
in case of 0.2 M SDBS is the 1-pentanol content needed for s^^r (for the 
SDBS system: [l-pentanol]s_,r = 0.14 M, and for the SDS + NaCl system: 
[l-pentanol]s_,r = 0.04 M).'°''^ This difference is due to the fact that in all 
earlier studies a definite amount of salt was present in the system. The 
presence of salt counterions caused a decrease in electrostatic repulsions 
among the surfactant headgroups and was responsible for the need for 
less 1-pentanol in comparison to the present case of 0.2 M SDBS + 
1-pentanol system which is considered to study the urea effect. The data 
(Fig. 4.1) clearly demonstrate that even in the case of SDBS micelles urea 
shows similar advancement of s->r as observed in case of SDS + NaCl 
system at lower urea regime. Likewise, at higher [urea], a delay in s^r is 
observed. The similarity of the results with those of Chapter III warrants 
to say that identical mechanism is operating here also. Therefore, urea 
effect seems general and not system dependent. 
Figures 4.2-4.7 show the variations of Z)/, with [1-pentanol] in 
presence of other ureas and thioureas. These results also confirm the 
belief that urea/thiourea additives affect the micellar solutions which are 
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not system dependent but is a general phenomenon the details of which 
are given in Chapter III. 
Data shown in Figs. 4.1-4.7 were used to find the values of 
[l-pentanol]s_>r at various additive concentrations (Tables 4.8 and 4.9). 
The results are shown in Figs. 4.8-4.10 as [l-pentanol]s^r - [additive] 
profiles. These data clarify that not only urea but other members of the 
urea and thiourea families behave similarly for the systems considered 
here. At moderately higher concentration of the additives (Figs. 4.8-4.10) 
a regular increase in [l-pentanol]s->r is taken as micelle destabilization 
effect which is in line as reported in the literature on urea effect on 
micellization and protein denaturation. Micelle destabilization effect of 
urea can be understood on the basis of a simulation study performed for 
protein denaturation.''* A similar picture appears to be implied in the 
unfolding simulations of bamase in the presence of urea.'^ It is not out of 
context to mention that by electrostatic binding to the peptide groups urea 
can effectively unfold (denature) a protein. By analogy, micellar 
headgroup region can be compared with the globular protein surface. 
Both contain charged hydrophilic residues. At higher [additive], urea 
molecules preferentially adsorb onto the hydrophilic headgroups leading 
to repulsion between them with a consequence of which micelles would 
be more hydrated. This increased micellar hydration leads to decrease in 
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hydrophobic interaction with the consequence of which more 1-pentanol 
is needed for s->r (as observed in Figs 4.8-4.10). 
To provide additional evidence for the interpretation advanced 
above, viscosity measurements were carried out on the system 0.2 M 
SDBS and 1-pentanol in the presence of ureas/thioureas. It is well known 
that the surfactant solutions containing spherical micelles are isotropic 
and of low viscosity.*^ The presence of anisotropic micelles (e.g., rod-
shaped) in the solution causes a distinct rise in viscosity.'^''^ Therefore, 
viscosity can be used to study structural transitions in the surfactant 
solutions (e.g., s^r).^^'''-^" The viscosity of 0.2 M SDBS solution 
increases at ~0.14 M 1-pentanol which is the same value obtained by 
DLS at which the s^r is complete. The [l-pentanol]s-).r at each additive 
concentration (U, MMU, DMU, TMU, TU, DMTU or TMTU) was 
obtained from the relative viscosity (77r)v5. [1-pentanol] plots (not shown, 
only a representative is given in Fig. 4.11). The variations of 
[l-pentanol]s->r (obtained viscometrically, Tables 4.8 and 4.9) are 
compared with the [l-pentanol]s^r obtained by DLS measurements in 
Figs. 4.12 - 4.18, which illustrate that the two types of measurements 
provide nearly the same value of [l-pentanol]s^r thus confirming the 
validity of the two data sets. 
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Studies embodied in this Chapter allow to conclude that the nature 
of urea effect is a general phenomenon observed in micelles. Also, urea 
(or other members) affects the micellar properties in a opposite fashion 
depending on its concentration (lower or higher) in the system. Further, 
observance of urea effect in the present system may provide new 
concentration regime (lower concentration) for further work on protein 
denaturation/renaturation phenomenon. 
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Introduction 
Self-assembly of molecules through noncovalent forces including 
hydrophobic and hydrophilic effects, electrostatic interactions, hydrogen 
bonding, microphase segregation, and shape effects has been useful in 
developing current technologies such as nanolithograpy, biomineralization, 
drug delivery,^ etc. The hydrophobic effect, which is basically driven by an 
entropy gain, is associated with the decrease in the population of strongly H-
bonded water when hydrophobic surfaces self-associate. It is considered to 
be the major thermodynamic factor related to protein folding and self-
association of amphiphilic molecules (e.g., surfactants)."*"^  
In case of most non-ionic surfactants, their solutions get cloudy upon 
heating at a temperature known as cloud point (CP). It has been known for a 
long time that the phase diagram of aqueous solutions of non-ionic 
surfactants exhibit an upper miscibility gap with a lower critical solution 
point. The phase boundary curve of this miscibility gap is commonly known 
as the cloud curve in view of the pronounced turbidity (clouding 
phenomenon) of the solutions close to the phase separation. The models that 
have been developed for the clouding phenomenon explain the mechanism 
by invoking critical concentration fluctuations, micellar growth, or micellar 
branching.*"'" The discussion thus far assumes that micelles will develop 
attractive interactions on heating. The molecular origin of such attraction is 
a matter of speculation.*^ 
Generally, the clouding behavior would not happen in ionic surfactant 
systems because of significant electrostatic repulsions between the charged 
aggregates. Nevertheless, previous researches showed that aqueous solutions 
of some ionic surfactants with high salt concentration,'^'''"'^ salt free aqueous 
174 
solutions of certain ionic surfactants with large headgroups,"'^ or large 
counterions, " and some mixed cationic and anionic surfactant solutions 
also exhibited the above behavior. The mechanism of the behavior in these 
ionic surfactant solutions is still an open question.'"'" '^^ ''^ ^ 
So far, most of these studies on clouding behavior in ionic micellar 
solutions were made in systems where tetrabutylammonium ion (TBA*) was 
added either externally or was part of the surfactant monomer.'^ '^ '•^ '*'^ * Also, 
the variation of headgroup from tripropyl- to tributylammonium in a cationic 
surfactant caused the observance of clouding in solutions on heating.'^''* 
These results suggest the crucial roles played by temperature and alkyl 
chains present near the headgroup region in dictating the macroscopic 
properties of the surfactant solutions. The above studies justify a need to 
know details of micellar morphologies that lead to clouding. 
Small-angle neutron scattering has evolved into a powerful technique 
for studying the morphology of micelles formed in aqueous solution by 
surfactants as well as the interaction between them. ' To investigate 
systematically the effect of surfactant concentration and temperature and to 
understand the microstructural changes in an ionic micellar solution as the 
system approaches clouding, CP measurements and SANS studies were 
performed on tetra-«-butylammoniumdodecyl sulfate (TBADS) - H2O/D2O 
binary system. The present chapter deals with this work and the ensuing 
discussion. Also, the role of added coimterions (both inorganic and 
quaternary ammonium) on the clouding phenomenon is delineated. 
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Results 
The CP variations of TBADS solutions with its concentration both in 
H2O and D2O (Table 5.1) are shown in Fig. 5.1. Effects of inorganic and 
quaternary salts on the CP variation of 0.03 M TBADS solutions (Tables 5.2 
and 5.3) are illustrated in Figs. 5.2 and 5.3, respectively. SANS spectra 
together with theoretical fits for different concentrations of TBADS and at 
different temperatures are shown in Figs. 5.4 - 5.6. The morphological data 
related to these results are given in Tables 5.4 - 5.6. SANS spectra related to 
0.01 M quaternary bromides + 0.03 M TBADS at 30 °C are shown in Fig. 
5.7 with the corresponding data provided in Table 5.7. Effects of varying 
TEAB and TBAB concentrations on 0.03 M TBADS SANS spectra are 
shown in Figs. 5.8 and 5.9. The relevant morphological data are given in 
Tables 5.8 and 5.9. The data related to hydrodynamic diameter (Dh) for 0.02 
and 0.03 M TBADS solutions are given in Table 5.10. 
Discussion 
Figure 5.1 shows the variation of CP with [TBADS] both in H2O and 
D2O. Before discussing the CP data it is essential to shed some light on the 
state of TBADS solution. TBADS, on dissolution in aqueous medium above 
its cmc (~lmM), would give anionic micelles and TBA^ counterions. The 
TBA^ tend to stay near the micelle surface. In ionic micellar solutions the 
counter ion condensation plays very important role to decide the effective 
charge on the micelle and hence its formation, structure, and mutual 
interaction. TBA^ consists of four butyl chains in addition to a positive 
charge on the nitrogen atom. Hence TBA^ can interact with the anionic 
micellar surface electrostatically as well as hydrophobically. In the present 
context, the butyl chains of TBA^ may get embedded between monomers of 
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Table - 5.1: CP (°C) data for pure TBADS in HjO and in D2O. 
[TABDS] CP (°C) 
^^^ inHzO inDzO 
0.330 18 
0.300 24.5 
0.290 20.0 
0.256 22.0 
0.240 26.0 
0.230 23.0 
0.210 24.2 
0.200 27.5 
0.193 25.0 
0.171 28.0 
0.165 26.0 
0.150 29.0 
0.144 27.3 
0.120 30.5 
0.115 28.5 
0.100 31.5 28.2 
0.085 32.5 
0.082 30.2 
0.074 33.5 
0.072 30.5 
0.066 34.5 
0.064 31.0 
0.059 35.5 
Contd... 
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0.052 
0.044 
0.040 
0.033 
0.029 
0.028 
0.023 
0.019 
0.017 
0.016 
0.014 
0.013 
0.010 
0.009 
0.008 
0.006 
0.004 
0.003 
0.002 
0.0018 
0.0014 
0.0009 
37.0 
38.5 
40.0 
42.0 
44.0 
45.5 
47.0 
49.0 
51.5 
53.0 
54.0 
55.0 
56.0 
62.0 
31.4 
32.5 
32.4 
33.0 
33.4 
33.9 
34.0 
35.0 
37.8 
38.7 
39.0 
40.0 
6 0 -
5 0 -
, 0 4 0 ^ 
Q. 
O 
3 0 -
2 0 -
o 
o 
o 
o 
o 
o 
o 
o 
o o 
o 
o o o 
o 
o 
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[TBADS] (M) 
Fig. 5.1: Variation of cloud point, CP, of TBADS solution in H2O 
and D2O as a function of surfactant concentration. 
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Table-5.2: CP (°C) data for 0.03 M TBADS + x M inorganic salts in D2O. 
[LiBr] 
(M) 
0.00 
0.01 
0.02 
0.04 
0.06 
0.08 
0.10 
0.12 
0.15 
CP 
(°C) 
33.2 
33.5 
34.8 
37.6 
38.5 
40.6 
41.0 
39.8 
39.0 
[NaBr] 
(M) 
0.00 
0.01 
0.03 
0.06 
0.09 
0.12 
0.14 
0.16 
0.17 
0.19 
0.22 
0.25 
CP 
(°C) 
33.2 
34.6 
36.4 
39.5 
41.5 
44.0 
46.0 
45.7 
46.2 
46.8 
45.7 
44.5 
[NH4Br] 
(M) 
0.00 
0.01 
0.02 
0.03 
0.04 
0.06 
0.08 
0.10 
0.12 
0.14 
0.166 
CP 
(°C) 
33.2 
33.8 
36.8 
37.3 
39.8 
42.0 
44.0 
43.0 
41.7 
38.7 
37.0 
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Table-5.3: CP (*»€) data for 0.03 M TBADS + x M quaternary salts in DjO. 
[TMAB] 
(M) 
0.00 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
CP 
(°C) 
33.2 
35.8 
38.8 
40.0 
41.3 
43.0 
44.7 
45.8 
47.3 
48.5 
50.0 
[TEAB] 
(M) 
0.00 
0.005 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
CP 
(°C) 
33.2 
38.0 
42.0 
50.3 
57.1 
61.0 
66.0 
72.0 
80.0 
[TPAB] 
(M) 
0.00 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
CP 
(°C) 
33.2 
36.2 
39.5 
41.7 
44.2 
47.3 
49.5 
52.0 
[TBAB] 
(M) 
0.00 
0.002 
0.004 
0.006 
0.008 
0.010 
0.015 
0.019 
0.021 
0.025 
0.028 
0.030 
CP 
(°C) 
33.2 
32.5 
31.8 
31.0 
30.5 
29.8 
28.5 
27.9 
27.2 
26.6 
26.0 
25.8 
[TpeAB] 
(M) 
0.00 
0.0005 
0.0010 
0.0015 
0.0020 
0.0026 
0.0030 
0.0036 
0.0047 
CP 
(°C) 
33.2 
29.6 
26.5 
24.0 
20.0 
15.5 
13.0 
10.1 
6.50 
48 
46 
44 -
42 -
^ 4 0 ^ 
Q_ 
O 
3 8 -
3 6 -
34 
32 
O LiBr 
• NaBr 
A NH.Br 
4 
o 
o 
o 
o 
,o 
o 
o 
o 
— I 1 1 1 1 1 1 1 1 1 1 
0.00 0.05 0.10 0.15 0.20 0.25 0.30 
[Salt] (M) 
Fig. 5.2: Variation of CP of 0.03 M TBADS solution with 
concentration of inorganic salts. 
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Fig. 5.3: Variation of CP of 0.03 M TBADS solution with 
concentration of quaternary salts. 
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Q(A-') 
Fig. 5.4: SANS spectra for various concentrations of TBADS at 30 
"C. Solid lines are theoretical fits based on Hayter and 
Penfold-type analysis. 
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E 
a 
w 
• D 
Q(A-^) 
Fig. 5.5: SANS spectra of 0.02M TBADS at different temperatures. 
Solid lines are theoretical fits based on Hayter and Penfold-type 
analysis. 
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Q(A-^) 
Fig. 5.6: SANS spectra of 0.05M TBADS at different temperatures. 
Solid lines are theoretical fits based on Hayter and Penfold-type 
analysis. 
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Table-5.4: Micellar parameters for x M TBADS obtained from Hayter-
Penfold-type analysis at 30 °C. 
x(M) n^ a c a=b da 
(A) (A) 
OOi \\\ OlO 54^ 5 I6J 326 
0.02 113 0.07 57.7 16.8 3.43 
0.03 127 0.05 61.2 17.3 3.54 
0.04 201 0.03 82.1 18.9 4.34 
0.05 262 0.03 108.60 18.8 5.78 
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Table-5.5: Micellar parameters for 0.02 M TBADS obtained from Hayter-
Penfold-type analysis at different temperatures. 
Temperature n^ a c a=b c/a 
(°C) (A) (A) 
30 113 007 57J 16^ 8 143 
32 115 0.07 58.3 16.9 3.45 
34 108 0.06 52.9 17.2 3.07 
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Table-5.6: Micellar parameters for 0.05 M TBADS obtained from Hayter-
Penfold-type analysis at different temperatures. 
Temperature n, a c a=b da 
(°C) (A) (A) 
30 262 003 108.6 f o 5.78 
31 186 0.03 77.4 18.7 4.14 
32 150 0.03 69.4 17.8 3.89 
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Fig.5.7: SANS spectra for the system 0.03M TBADS + O.OIM 
quatemaryammonium bromides at 30 °C. Solid lines are 
theoretical fits based on Hayter and Penfold-type analysis. 
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TabIe-5.7: Micellar parameters for 0.03 M TBADS + 0.01 M quaternary salts 
obtained from Hayter-Penfold-type analysis at 30 °C. 
Quaternary n, a c a^^b da 
salt (A) (A) 
no salt 161 003 69J ^A 3J9 
TMAB 200 79.4 19.3 4.11 
TEAB 204.9 ^^'^ ^^-^ ^.15 
79 1 19 1 4 14 
TPAB 196.0 
191 
Q (A-^) 
Fig.5.8: SANS spectra of 0.03M TBADS solutions with increasing 
concentration of TEAB at 30 °C. Solid lines are theoretical fits 
based on Hayter and Penfold-type analysis. 
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Q(A') 
Fig.5.9: SANS spectra of 0.03M TBADS solutions with increasing 
concentration of TBAB at 30 "C. Solid lines are theoretical fits 
based on Hayter and Penfold-type analysis. 
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TabIe-5.8: Micellar parameters for 0.03 M TBADS + x M TEAB obtained 
from Hayter-Penfold-type analysis at 30 °C. 
X (M) ris a c a=b c/a 
(A) (A) 
OOO 161 003 69J 18^ 4 3J9 
0.01 205 80.5 19.4 4.15 
0.03 267 113.0 18.7 6.04 
0.05 342 143.2 18.8 7.62 
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Table-5.9: Micellar parameters for 0.03 M TBADS + x M TBAB obtained 
from Hayter-Penfold-type analysis at 30 °C. 
X(M) ris a c a=b da 
(A) (A) 
0.000 161 003 69?7 nA 3J9 
0.002 192 0.03 80.1 18.6 4.31 
0.005 192 0.03 81.8 18.5 4.42 
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TabIe-5.10: Variation of hydrodynamic diameter (D^) at x M TBADS at 
different temperatures in D2O. 
X = 0.02 X = 0.05 
Temperature (°C) D/, (nm) Temperature (°C) Df, (mn) 
U^ 4^40 25^ 6 6^ 50 
28.0 6.65 
30.0 7.03 
31.0 became cloudy 
28.0 
30.0 
32.0 
34.0 
4.72 
4.91 
5.35 
became cloudy 
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the TBADS micelle. But the geometric constraint makes it difficult for all 
the four butyl chains to penetrate into the micelle core. Two directions may 
be chosen for bending the butyl chains: one is toward the water phase and 
the other penetrates the micellar core.'^'^^ The butyl chains toward the water 
phase may have the chance to interact with the butyl chains of other 
counterions (TBA^) attached to other micelles. As a consequence, the 
micelles may experience closer contact. In this way the micelles can come 
closer to each other (even though they are charged). This loose linking of 
micelles may be responsible for the cloudiness of the solution (as the 
micelles of the linked structures would be bigger). As the concentration of 
TBADS (Fig. 5.1) increases, the [TBA^] in the solution would also increase. 
This causes a faster linking of the micelles resulting in CP decrease. Hence 
the data of Fig. 5.1 allow to say that this is [TBA^] which plays an important 
role in displaying CP in TBADS solution as observed earlier.^' It is also 
found that CP is lower for the same [TBADS] in D2O than in H2O, 
particularly at higher [TBADS] range. On the basis of micellization studies 
in D2O and H2O Mukerjee et al.^ ^ concluded that the differences in 
hydrophobic interactions between H2O and D2O are unlikely to be very 
great, but they may be substantially greater than the small differences 
estimated from solubility or cmc data neglecting dimerization. Therefore, the 
small differences of CP in D2O and H2O may be understood considering the 
above result. 
Yu and Xu ' proposed a mechanism and postulated that one micelle 
can cross-link to another through hydrophobic counterion helping overcome 
the effects of electrostatic repulsion and an energetic barrier due to oriented 
water near the surfaces of the two micelles. To be operative geometrically, it 
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appears that the two micelles would have to approach closely. Raghavan et 
al. suggested that the presence of hydrophobic counterions might render the 
still slightly charged micelles pseudo-nonionic. Recently, Bales and Zana '^ 
proposed that a second layer of hydrophobic counterions is used to cross-link 
the ionic micelle and is responsible for phenomenon of clouding in ionic 
micellar solutions. All above microstructural hypotheses proposed for both 
nonionic and ionic systems are merely speculations and need some 
experimental verification. At the present time, there are two competing 
mechanisms: one by displacement of water by the counterions and another 
by the geometric constrictions due to micelle growth (or branching). 
Due to geometric constraint, as already discussed, the two directions 
chosen for bending the butyl chains may be considered as schematically 
shown in Fig. 5.10(A).'^ '^ '^^ '* Water molecules around the butyl chains facing 
bulk water take on a highly ordered, clathrate-like structure.^ ^ The 
hydrophobic units, which do not H-bond to water, create excluded volume 
region where the density of water molecules vanishes.^ ^ When these units are 
small enough, water can reorganize near them without sacrificing hydrogen 
bonds. This could be the reason for not observing the clouding phenomenon 
with counterions of smaller hydrophobic alkyl chains (< -CaHy).^ ^ On the 
contrary, around a large hydrophobic object, the persistence of H-bond 
network is geometrically less feasible. The most accepted model of water 
structure^ '^^ ^ considers it to have two populations: strongly H-bonded or 
'intact' population, where water molecules are in an ice-like environment; 
and weakly H-bonded or 'broken' population. The former population 
converts to latter with the increase in temperature.'*" As temperature is 
increased, the entropy cost of ordering water around such hydrophobic 
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groups becomes untenable. The resulting energetic effect can induce drying, 
as conceived by Stillinger.'" Further, this drying can lead to strong attraction 
between hydrophobic objects, as observed in surface force 
measurements.'* "^^ '* This water induced attraction between hydrophobic 
species is called, historically, the hydrophobic interaction. The nature of 
hydrophobicity changes when the size of hydrophobic surfaces depletes the 
number of H-bonded water around them. This energetic effect - the loss of 
hydrogen bonding - drives the removal of hydrophobic entity from water.'*^  
It has been reported that hydrophobic effects of the type that separate 
hydrophobic groups from aqueous solutions appear only when local 
concentrations of hydrophobic units are large enough (or extended enough) 
to induce drying. The latter arises from the length-scale-dependence of 
aqueous solvation.'*^ This argument can find support from the fact that less 
tefra-«-pentylammonium bromide is needed than tetra-«-butylammonium 
bromide to produce clouding in sodium dodecylsulfate solutions. Thus, the 
clouding phenomenon in the present system seemingly occurs by association 
of micelles (clustering) due to entropically favorable situation provided by 
the depletion of H-bonded water near the butyl chains (facing bulk water) of 
TBA* at the micellar surface (Fig. 5.10(B)). 
The detailed knowledge of CP variation, micelle aggregation 
number and charge in the presence of different counterions may contribute 
towards reaching a viable mechanism of the clouding phenomenon in ionic 
micellar solutions. 
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Addition of inorganic salts (LiBr, NaBr and NH4Br) (Fig. 5.2) 
causes an increase in the CP of TBADS solutions. Also, addition of lower 
members of quaternary salts (TMAB, TEAB, and TPAB) (Fig. 5.3) 
shows a similar CP behavior. However, addition of higher members 
(TBAB and TPeAB) causes a decrease in the CP. This CP behavior can 
be understood on the basis of exchange of the counterions (produced by 
the added salts) with the micellar bound counterions (TBA*). Since 
inorganic and lower members of quaternary counterions are more 
hydrated than TBA* and TPeA ,^ exchange of the former counterions 
would increase the hydration of the micellar structures and is the cause of 
higher CP of the system (Figs. 5.2 and 5.3). Thus, the overall CP 
variation seems to depend upon the nature and hydration state of the 
added counterion. 
Figure 5.4 shows the SANS spectra of TBADS at different 
concentrations at 30 °C. Analysis of the SANS data shows that micelles 
are charged and ellipsoidal in shape (Table 5,4). The low a value can be 
understood by the fact that TBA^ would stay near the micellar surface 
(vide supra) and would neutralize the surface charge. Further, to reduce 
repulsion among/between the micelles, the TBA^ should be bound to the 
headgroup. These two factors contribute towards a low a value. As the 
[TBADS] increases, ris increases while a decreases. This means with 
change in [TBADS], a would also change, this contradicts the 
assumption of constancy of a with [TBADS] as assumed in an earlier 
study."^ ' The present results clearly demonstrate that at increased 
[TBADS] in the solution, TBA* counterion would like to remain near the 
micellar surface region. 
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Figure 5.5 shows the SANS data for 0.02 M TBADS (CP ~ 34 °C) 
at different temperatures. As temperature changes from 30 to 34 °C, no 
distinct changes in the data are observed (Table 5.5). This is possible if 
the micellar morphology or number density, more or less, remains 
identical below and at the CP. However, appearance of cloudiness 
warrants that some bigger structures are present in the solution. These 
observations hint toward transformation of a very small fraction of 
micelles to bigger structures (clustering of the micelles). This fraction of 
cluster phase seems small (as dS/dH still does not fall much) but 
sufficient to impart cloudiness to the solution. This suggests that micelles 
at CP do not coalesce all of a sudden (as usually believed), but are 
transferred gradually into clusters. This means both populations of 
individual micelles and clusters of micelles are present in the solution at 
the CP. 
The temperature effect on the SANS spectra of 0.05 M TBADS 
(CP - 3 1 "C) is shown in Fig. 5.6. First of all, the higher surfactant 
concentration enhances the possibility of clustering of micelles and this, 
in turn, results in the decrease in CP. The scattering cross-section (dUdQ) 
starts decreasing consistently with temperature as the availability of more 
TBA^ (0.05 M) may ameliorate the process of cluster formation. 
SANS spectra for 0.03 M TBADS with or without 0.01 M quaternary 
ammonium bromides are shown in Fig, 5.7. The presence of interaction 
peak in 0.03 M pure TABDS spectrum indicates that micelles are 
charged. A couple of other features present in the SANS spectra are 
worth pointing out. First, absence of interaction peak in the presence of 
quaternary bromides means that electrostatic repulsions between the 
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anionic headgroups are screened by the salt. Second, coinciding the 
spectra at high Q implies that the micellar radius remains unchanged with 
salt addition. It should be noted that the dominant contribution to the 
high-g scattering is from the micellar form factor P(Q), since the 
structure factor S{Q) ^ 1 in this Q range. It can be seen that the intensities 
change in low Q region in presence of quaternary salts. This suggests that 
micellar charge screening is taking place and system is behaving like 
conventional anionic surfactant + salt solution with the result that the 
peaks are shifted to lower Q values.'*^ Similarly, when the concentration 
of TEA^ was increased in the system (0.03 M TBADS), distinct micellar 
growth is observed (Table 5.8) as the interaction peak shifted 
progressively to low Q values (Fig. 5.8). 
Figure 5.9 shows the effect of added TBA^ on the 0.03 M TBADS 
spectra at 30 ^C. It can be seen that presence of additional TBA^ caused a 
slight shift in the interaction peak towards low Q region together with a 
decrease in dS/dll. As the system is approaching its CP (cf. Table 5.3 for 
CP values obtained at different [TBAB]), one can expect a collapse of 
micelles with distinct decrease in d2/dQ. This is not the case here (Fig. 
5.9), which indicates clouding in our system is due to the gradual 
association of the micelles. This allows to say that both micelles and 
clusters (formed due to association of the micelles) are present in the 
system near or at the CP. However, micelle sizes do not vary much as one 
approaches CP (Table 5.9). 
Dynamic light scattering experiments were also performed with the 
TBADS solutions at different temperatures. These results (Table 5.10) 
show that the hydrodynamic diameter increases rather slowly as the 
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system approaches CP. This confirms the results of SANS measurements 
that not much change in micellar sizes taices place on going towards CP. 
We may conclude that the present work provides a simple and 
effective way of controlling the association of charged micelles by 
temperature variation. A mechanism of clustering of the micelles as the 
temperature approaches the CP is proposed in ionic surfactants having 
tetraalkylammonium counterions (> TBA*). The size of the clusters 
seems to depend upon the length of the hydrocarbon chain present in the 
quaternary counterion and the temperature. It is likely that a similar 
control can be exercised at the micelle-water interface in order to create 
supramolecular assemblies for specific uses. 
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